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CHAPTER  1 


SCOPE,  OBJECTIVES,  AND  BACKGROUND 


Sec.  1.1  -  SCOPE  OF  THIS  WORK 


Purpose  of  this  work  is  to  formulate,  within  the  frame¬ 
work  of  a  thermal  theory,  basic  laws  governing  the  nonlinear 
dynamics  of  solid  propellant  burning.  This  implies  that: 

(1)  findings  should  be  readily  extended  to  other  cases 

of  heterogeneous  combustion;  in  particular  the  results 
are  not  dependent  on  the  nature  of  solid  propellant. 

(2)  new  flame  models  are  not  being  proposed,  rather  a  meth¬ 
od  is  offered  to  judge  how  good  any  unsteady  flame  mod¬ 
el  is. 

(3)  information  regarding  steady  state  solutions  is  found 
as  a  particular  case. 

(4)  interactions  combustion/fluid -dynamics  (e.g.,  in  a  rock¬ 
et  combustion  chamber)  are  not  considered. 

By  making  the  usual  set  of  assumptions  (see  Sec.  2.1),  one 
is  reduced  to  study  the  stability  properties  of  the  nonlinear 
heat  conduction  equation  in  the  condensed  phase  (the  standard 
Fourier  partial  differential  equation  with  time-varying  boundary 
conditions) .  This  is  done  by  an  approximate  analytical  technique, 
but  keeping  the  nonlinearity  of  the  problem.  It  will  he  shown 
that  a  nonlinear  algebraic  function,  called  static  restoring 
function,  can  be  determined  defining  nonlinear  static  and  dynam¬ 
ic  burning  stability  boundaries  for  finite  size  disturbances. 
These  boundaries  are  valid  for  any  kind  of  transient  burning 
(e.g.,  depressurization  or  deradiation). 

No  attempt  is  made  to  explain  or  predict  the  steady  flame 
structure  of  burning  propellants.  This  is  supposed  to  be  assign¬ 
ed  in  terms  of  burning  rate  vs  pressure  (experimental  data)  and 
flame  temperature  vs  pressure  (thermochemical  equilibrium  compu¬ 
tations)  .  This  information,  in  addition  to  a  proper  flame  model,, 
is  enough  to  define  the  fundamental  nonlinear  burning  stability 
properties  of  solid  propellants. 

This  stability  analysis  can  be  applied  to  any  flame  model 
and  solid  propellant  composition,  but  the  actual  numerical  values 
do  depend  on  the  specific  flame  model  and  solid  propellant  compo¬ 
sition  chosen.  The  results  can  be  verified  by  computer  simulation 
(i.e.,  by  numerical  integration  of  the  basic  set  of  governing  li¬ 
quations)  and/or  experiments.  While  plenty  of  computer  results 
are  already  available,  the  experimental  part  of  this  work  starts 
just  now  to  provide  results. 

This  final  technical  report  comprehends  and  supersedes 
the  previous  annual  technical  reports.  The  opportunity  is 
taken  to  review  the  theory  and  summarize  most  of  the  nume¬ 
rical  and  experimental  findings  by  our  research  group.  The 
complete  literature  so  far  published  by  this  group  is  listed 
as  Refs.  1-19. 


Sec.  1.2  -  OBJECTIVES  AND  PLAN  OF  PRESENTATION 


Consider  the  physical  system  of  Fig.  la  representing 
a  strand  of  solid  propellant,  subjected  to  a  radiant  flux 
impinging  with  instantaneous  intensity  (1-r) *1^ (t)  on  its 
surface,  burning  with  instantaneous  rate  ^  (t)  in  a  semi- 
closed  vessel  at  instantaneous  pressure  P(t)  and  ambient 
temperature  T.^.The  overall  problem  of  transient  solid 
propellant  combustion  consists  of  predicting  the  burning 
rate  history  in  time. 

Specific  objectives  of  this  study  are: 

(1)  distinguish  between  static  and  dynamic  burning  regimes. 

(2)  define  and  evaluate  nonlinear  static  stability  bound¬ 
aries  . 

(3)  define  and  evaluate  nonlinear  dynamic  stability  bound¬ 
aries  . 

(4)  define  and  evaluate  nonlinear  pressure  deflagration 
limit. 

(5)  predict  number  and  nature  of  static  solutions. 

(6)  predict  dynamic  extinction,  including  overstability , by 
fast  depressurization  and/or  deradiation. 

(7)  predict  self-sustained  oscillating  burning  regime. 

(8)  is  there  a  univocally  defined  ignition  boundary? 

(9)  what  is  the  influence  of  the  implemented  flame  model 
on  the  above  predictions? 

(10)  what  is  the  influence  of  the  implemented  integral  meth¬ 
od  on  the  above  predictions? 

(11)  numerical  and  experimental  verifications  of  the  above 
predictions . 

First,  a  literature  survey  of  the  problem  is  offered 
in  Sec.  1.3.  Then,  the  basic  set  of  assumptions  and  equa¬ 
tions  is  illustrated  in  Secs.  2.1  -  2.3;  the  transformation 
of  the  PDE  into  an  approximately  equivalent  ODE  is  performed 
in  Sec.  2.4;  properties  of  the  resulting  nonlinear  algebraic 
restoring  function  are  discussed  in  Sec.  2.5.  Static  and 
dynamic  burning  stability  are  respectively  treated  in  Sec. 
2.6  and  Sec.  2.7;  the  self-sustained  oscillating  regime  is 
illustrated  in  §  2.7.3.  The  point  on  the  status  of  the 
theory  is  made  in  Sec.  2.9.  Numerical  computations  verify¬ 
ing  the  analytical  predictions  are  reported  in  Sec.  2.8. 
Experimental  results  are  summarized  in  Ch.  3  (ballistic  ex¬ 
periments)  and  Ch.  4  (laser  based  optical  techniques).  Con¬ 
clusions  and  suggestions  for  future  work  are  collected  in 
Ch.  5. 

References,  nomenclature,  tables  and  figures  are  given 
at  the  end  of  Ch.  3  (ballistic  studies)  and  Ch.  4  (laser 
techniques ) . 


Sec.  1.3  -  LITERATURE  SURVEY 


The  question  of  solid  propellant  burning  stability  in 
general  and  dynamic  extinction  in  particular  has  been  well 
debated  in  the  relevant  literature  (Refs.  20-77),  but  few 
works  have  been  really  constructive.  The  erroneous  applica¬ 
tion  of  the  quasi-steady  gas  phase  assumption,  the  strong 
limitations  of  linearized  theories,  and  the  empirical  na¬ 
ture  of  most  of  the  proposed  extinction  criteria  are  the 
most  serious  drawbacks  in  this  area. 

In  this  work,  quantitative  criteria  for  nonlinear  stat¬ 
ic  and  dynamic  stability  of  burning  propellants  are  defined 
by  means  of  flame  models.  The  integral  method  of  Goodman 
(Ref.  78)  is  implemented  in  order  to  apply  known  mathematical 
methods  to  the  resulting  approximate  ODE  formulation  of  the 
problem.  The  same  method  has  already  been  applied  (Ref. 76) 
to  particle  burning;  somewhat  simpler  use  has  been  made  at 
Princeton  (Refs.  79-80)  on  solid  propellant  rocket  engines. 
The  concept  of  using  the  simpler  ODE  formulation  of  the  pro¬ 
blem,  instead  of  the  ODE  one,  is  relatively  common  in  Soviet 
literature.  However,  the  method  of  transformation  is  rather 
different;  an  interesting  review  of  the  mathematical  problem 
was  made  by  Gostintsev  (Ref.  81).  The  approach  has  been  ap¬ 
plied  mainly  to  ignition,  unsteady  burning,  and  stability 
problems.  Remark  that  the  Soviet  approach  differs  not  only 
in  the  mathematical  details,  but  especially  in  the  structure 
of  the  physical  model.  Instead  of  using  a  flame  model,  the 
Soviet  investigators  resort  to  the  Zeldovich  method  (e.g., 
see  Ref.  47) ,  consisting  of  constructing  the  instantaneous 
thermal  gradient  at  the  condensed  phase  side  of  the  burning 
surface  from  experimental  steady  state  data.  However,  this 
method  is  useful  in  establishing  intrinsic  stability  bounda¬ 
ries,  but  in  principle  cannot  be  extended  to  obtain  stabili¬ 
ty  boundaries. 


§  1.3.1  -  Nonlinear  Dynamic  Extinction  by  Fast  Depressurization 

At  Politecnico  di  Milano  several  years  of  efforts  (Refs. 
1-19)  were  dedicated  to  the  question  of  dynamic  extinction 
driven  by  fast  changes  both  of  pressure  and/or  radiation. 
Following  a  line  of  research  initiated  at  Princeton  (Ref.  3), 
an  original  approach,  based  on  a  nonlinear  burning  stability 
analysis,  was  developed  within  the  framework  of  a  thermal 
model  of  thin  (quasi-steady)  heterogeneous  flames  (Refs. 1-3). 
This  analysis  was  applied  to  the  specific  problem,  among  o- 
thers,  of  predicting  the  minimum  burning  rate  (lower  dynamic 
stability  point) ,  in  function  of  pressure,  under  which  ex¬ 
tinction  of  the  burning  solid  propellant  necessarily  occurs 
independently  on  its  past  history  (Ref.  4).  The  limiting 
burning  rate  is  a  property  strictly  dependent  on  the  nature 
of  the  reacting  substance;  but  it  is  affected  by  the  operat¬ 
ing  conditions,  such  as  pressure,  ambient  temperature,  and 


heat  exchange  with  the  environment.  This  extinction  cri¬ 
terion,  suggested  in  1975,  is  valid  instantaneously  for 
any  monotonic  decrease  in  time  of  both  pressure  and/or  ra¬ 
diation.  Improvements  and  extensions  of  the  proposed  theo- 
ryf including  numerical  and  experimental  checks,  are  under 
progress  (Refs.  9-19). 

Although  dynamic  extinction  might  occur  under  a  varie¬ 
ty  of  conditions,  due  to  the  pioneering  work  of  Ciepluch 
(Refs.  20-22)  in  1961,  only  dynamic  extinction  by  depres¬ 
surization  appears  largely  analyzed  both  experimentally 
and  theoretically  (Refs.  20-57).  Unfortunately,  the  under¬ 
standing  of  this  phenomenon  is  still  little  satisfactory. 

No  criterion  whatsoever  is  found  in  the  literature  for  the 
case  of  dynamic  extinction  by  fast  deradiation  reported 
by  the  Princeton  group  (Refs.  58-59).  Ciepluch  (Refs. 20-22) 
conducted  one  of  the  first  systematic  experimental  studies 
of  depressurization  transients  in  a  laboratory  combustion 
chamber  closely  simulating  conditions  of  an  actual  motor. 
Fast,  depressurization  was  obtained  by  suddenly  opening  a 
chamber  vent  hole.  Initial  chamber  pressure  in  the  range 
34  to  82  atm  and  ambient  pressures  down  to  3.5  mm  of  mer¬ 
cury  were  explored.  The  burning  transient  was  followed  by 
measuring  simultaneously  combustion  luminosity  (primarily 
In  the  visible  range)  and  chamber  pressure.  Several  AP-based 
composite  propellants  were  tested;  few  data  on  double-base 
compositions  were  also  reported.  The  following  conclusions 
were  reached; 

(1)  a  critical  depressurization  rate  exists  below  which 
burning  continues  and  above  which  extinction  occurs. 

(2)  the  critical  depressurization  rate  increases  linearly 

as  the  chamber  pressure  prior  to  venting  increases. 

(3)  the  critical  depressurization  rate  is  substantially 
affected  by  the  propellant  composition. 

(4)  reignition  may  follow  extinction  if  the  depressuriza¬ 
tion  is  not  too  fast  and/or  nozzle  back  pressure  is 
not  too  low. 

For  a  critical  review  of  papers  on  dynamic  extinction 
by  depressurization  offered  until  1969,  the  reader  might 
consult  Merkle  (Ref.  29) .  Papers  dealing  mainly  with  rocket 
engine  extinguishment,  rather  than  just  a  semi-closed  vol¬ 
ume  (no  combustion/fluid-dynamics  coupling),  are  neglected 
in  this  review.  The  papers  by  Von  Elbe  (Refs.  23-24)  should 
be  noted;  an  analytical  expression  given  by  Von  Elbe  for 
the  critical  depressurization  rate  has  been  rather  widely 
used.  Although  later  proved  wrong  by  Merkle  (Ref.  29)  and 
Krier  (Ref.  42)  on  different  arguments,  this  expression 
for  dynamic  burning  rate 


(1.3.1.) 
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and  others  of  the  same  nature  are  still  being  used,  mostly 
for  practical  applications.  In  particular,  the  critical  de¬ 
pressurization  rate  is  given  by 


(1.3.2) 


dP  ( tTj  _  _1__  P  (t)  ft  2 

dt  2  n  ac 


being  %  the  steady,  unperturbed  burning  rate.  This  and  simi¬ 
lar  expressions  are  meaningless  from  our  point  of  view.  A  de¬ 
tailed  critical  review  of  this  type  of  oversimplified  transi¬ 
ent  burning  models  was  given  by  Krier  (Ref.  42) ,  who  generaliz¬ 
ed  the  previous  expression  for  dynamic  burning  rate 

1  +  sp  n  ac  dP  ( t) 

'  P(t)  W'  dt 

being  y  =  const  for  several  investigators  (e.g 2  in  Refs. 
23—24) .  Krier  analytically  showed  that  actually  V  is  a  func¬ 
tion  of  burning  surface  properties  and  pressure  jump, and  that 
this  function  can  be  computed  a  priori  for  each  propellant.  How¬ 
ever,  relationships  of  the  type  of  Eq.  1.3.3  are  restricted  to 
small  values  of  dP(t)/dt  and  small  excursion  of  'ft(t)  with  res¬ 
pect  to  £>.  Therefore ,  they  are  of  no  use  for  dynamic  extinction 
problems . 

Two  excellent  contributions  should  explicitly  be  mentioned. 
Merklc  (Ref. 29)  pointed  out  several  mistakes  crept  in  the  literature, 
furnished  a  new  quasi-steady  flame  model  and  recognized  that  dy¬ 
namic  extinction  depends  on  the  entire  P(t)  curve.  However,  he 
did  not  formulate  an  extinction  criterion,  since  a  critical  val¬ 
ue  of  surface  temperature  (Ts  =  600  K  corresponding  to  ©s  =  0.43 
for  the  propellant  AP/PBAA  No.  941  taken  as  datum  case  in  this 
study)  was  empirically  picked  up  below  which  chemical  reactions 
are  considered  too  weak  to  sustain  the  deflagration  wave.  A  paper 
by  T'ien  (Ref.  38),  in  1974,  is  the  only  one  aimed  directly  at  c- 
stablishing  an  extinction  criterion  for  fast  depressurization. 
T'ien  argues  that  heat  losses  are  the  mechanism  for  both  static 
and  dynamic  extinction  of  solid  propellants;  this  view  is  not 
fully  shared  in  this  instance.  However,  T'ien  concludes  (Refs. 
38-40)  that  for  depressurization  transients,  if  the  instantaneous 
burning  rate  drops  below  the  unstable  burning  rate  solution  at  the 
final  pressure,  extinction  will  occur.  T'ien  derives  his  quantita¬ 
tive  criterion  from  another  study  by  him  of  flammability  limits 
of  premixed  flames  under  the  influence  of  environmental  distur¬ 
bances  (Ref.  39).  A  somewhat  similar  result  has  been  found  in 
this  investigation  (Refs.  1-19),  but  by  a  completely  different 
approach. 

The  line  of  research  evolved  within  the  framework  of  Zeldo- 
vich  method  (Refs.  43-44)  is  of  limited  value.  Istratov  et  al. 

(Ref.  45),  in  1964,  used  an  integral  method  in  order  to  determine 


(1.3.3)  $(t)  =  % 
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an  approximate  solution  to  the  unsteady  nonlinear  energy  e- 
quation  in  the  condensed  phase  of  a  propellant  burning  with 
constant  surfeice  temperature.  Extinction  was  assumed  to  oc¬ 
cur  when  the  surface  thermal  gradient  on  the  condensed  side 
exceeds  a  critical  value  corresponding  to  the  static  stabili¬ 
ty  line.  This  is  mistaken,  since  nothing  can  be  said  a  priori 
about  dynamic  burning  in  a  range  of  burning  rate  that  is  sta¬ 
tically  unstable.  Novozhilov  (Ref.  46),  in  1967,  improved  the 
previous  model  by  considering  a  variable  surface  temperature 
and  recognizing  that  dynamic  burning  is  al lowed  also  in  the 
range  of  parameters  where  statically  stable  solutions  are 
not  found.  Extinction  was  then  assumed  to  occur  when  the  burn¬ 
ing  rate  at  the  final  pressure  drops  below  a  limiting  value  ex¬ 
perimentally  established  in  nonstationary  burning  conditions. 
This  "ad  hoc"  criterion,  if  feasible,  would  rely  on  very  del¬ 
icate  experimental  results. 

The  question  of  a  possible  early  warning  of  extinction 
during  a  depressurization  transient  evaluated  via  the  Zeldo- 
vich  method  was  examined  in  a  paper  by  the  Princeton  group 
(Ref,  47)  in  1971.  The  possibility  was  checked  that  the  cross¬ 
ing  of  the  static  stability  boundary  is  sufficient  to  subse¬ 
quently  produce  dynamic  extinction.  No  clear  answer  to  this 
question  was  given.  In  our  opinion  the  static  stability  bound¬ 
ary  has  only  secondary  relevance  in  a  dynamic  situation.  In¬ 
deed,  according  to  the  same  Princeton  reference,  "the  dynam¬ 
ic  conditions  of  extinguishment  tend  to  shift  the  stability 
line"  (pag.  257  of  Ref.  47).  Further  extensive  work  in  this 
area  (Ref.  43)  failed  to  reach  more  significant  conclusions. 
Finally  Novozhilov  (p.  216  of  Ref.  49),  in  1973,  observed  that 
this  "question  requires  certain  information  about  the  proper¬ 
ties  of  the  system  outside  the  area  of  smooth  burning.  Such 
information  cannot  be  obtained  from  experiments  on  steady  state 
combustion.  For  the  calculation  of  unsteady  conditions  in  the 
unstable  region  it  is  necessary  to  draw  on  certain  schemes  of 
combustion,  which  make  it  possible  to  predict  the  properties 
of  propellants  beyond  the  static  stability  limit".  Further 
work  by  Soviet  investigators  (Refs.  50-56)  offered  fresh  expe¬ 
rimental  information  and  theoretical  considerations,  but  fail¬ 
ed  to  define  a  physically  sound  extinction  criterion. 

Experimentally,  the  results  reported  in  Refs.  24  and  29 
(go/no-go  boundaries),  Ref.  32  (flame  structure  during  depres¬ 
surization),  Ref.  34 (flame  temperature  and  emission  spectra 
during  depressurization),  Ref.  54  (condensed  phase  temperature 
during  depressurization)  are  the  most  interesting.  They  allow 
detailed  and  reliable  comparison  with  analytical  and  numerical 
results.  Obviously,  the  most  wanted  result  is  the  burning  rate 
history  during  depressurization  transients.  Unfortunately,  no 
reliable  data  exist  yet  in  this  particularly  difficult  area  of 
investigation,  although  a  large  number  of  contr ibutions  have 
been  offered.  For  a  good  summary  of  the  results  so  far  obtained 
and  a  critical  discussion  of  the  techniques  implemented,  the 
reader  might  consult  the  excellent  review  given  in  Ref.  57. 


Experimental  results  are  often  ambiguous  to  interpret 
due  to  the  interplay  anci  overlapping  of  several  factors; 
attention  is  preferably  focused  on  data  collected  from  la¬ 
boratory  burners  (ranging  from  depressurization  strand  bur¬ 
ners  to  simulated  rocket  combustion  chambers)  rathc-r  than 
actual  rocket  motors  where  fluidynamic  effects  may  be  do¬ 
minant.  However,  even  results  from  laboratory  burners  are 
not  easy  to  compare  due  to:  implementation  of  different  ex¬ 
tinction  criteria,  diagnostic  techniques , and  operating  con¬ 
ditions;  scattering  of  results;  confused  theoretical  guide¬ 
lines  in  data  handling. 

In  the  pioneering  work  by  Ciepluch  (Refs.  20-22)  the 
critical  boundary  between  (permanent)  extinction  and  conti¬ 
nued  burning  was  found, with  a  go/no-go  technique , to  be  a 
straight  line  in  the  dP/dt  vs  Pj_  (initial  pressure)  linear 
plot.  Further  data  were  provided,  among  others,  by  Von  Elbe 
and  McHale  (Ref.  24)  in  an  effort  to  substantiate  Von  Elbe's 
theoretical  predictions  (Ref.  23).  They  tested  three  AP-based 
composite  propellants  in  a  depressurization  strand  burner 
(300  cm3  internal  volume)  furnished  by  frangible  diaphragm 
(ruptured  by  a  solenoid  driven  plunger)  and  orifice  plate  to 
control  the  depressurization  rate.  Flame  luminosity  in  time 
was  monitored  with  a  photodiode  simultaneously  to  pressure 
decay;  initial  pressures  from  33  to  5  atm  were  used.  Von  Elbe 
and  Mcllale  plotted  dP/dt  vs  P  at  extinction  (as  determined  by 
zero  luminosity) ;  the  critical  boundary  was  found  to  be 
straight  in  a  lg/lg  plot. 

Merkle  and  Summerfield  (Ref.  29)  produced  a  rather  com¬ 
plete  set  of  data  by  systematically  testing  several  AP  compo¬ 
site  and  one  catalyzed  DB  propellants.  A  special  laboratory 
combustor  was  designed  to  minimize  erosive  burning  effects 
and  to  cause  monodimonsional  "cigarette"  burning  of  the  sam¬ 
ple.  Fast  pressure  decay  was  obtained  by  rupturing  a  double 
diaphragm  system.  The  exhaust  gases  initially  pass  through 
both  a  primary  (large)  nozzle  and  a  secondary  (small)  noz¬ 
zle;  the  small  nozzle  controls  the  chamber  pressure  as  long 
as  the  diaphragms  remain  in  place.  When  the  diaphragms  are 
removed,  the  small  nozzle  also  is  removed  (being  located  in 
the  double  diaphragm  apparatus) .  By  properly  combining  noz¬ 
zles  of  different  diameters,  the  initial  pressure  level  as 
well  as  the  depressurization  rate  could  be  varied.  Pressure 
and  light  emission  (as  seen  by  a  photomultiplier  in  the 
visible)  were  simultaneous ly  recorded.  Extinction  was  con¬ 
sidered  to  occur  when  zero  light  emission  from  the  flame 
could  be  observed.  Initial  pressures  in  the  range  75  to  14 
atm  were  explored.  Venting  was  always  to  atmospheric  pres¬ 
sure;  because  of  this,  reignition  was  nearly  always  observ¬ 
ed.  The  following  conclusions  were  reached: 

(1)  the  critical  boundary  between  extinction  (permanent  or 
temporary)  and  continued  burning  was  found, with  a  go/ 
no-go  technique, to  be  always  straight  in  the  dP/dt 
vs  P  linear  plot. 
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(2)  increasing  AP  loading  from  75%  to  82.5%  makes  the  pro¬ 
pellant  more  than  twice  as  difficult  to  extinguish  (in 
terms  of  initial,  i.e.  maximum,  dP/dt). 

(3)  increasing  AP  particle  size  from  45  to  180  um  (unimodal 
distributions )  makes  the  propellant  easier  to  extin¬ 
guish  (for  a  fixed  loading  of  75%  AP) . 

(4)  little  difference  was  observed  when  PBAA,  PBCT,  and  PU 
binders  (for  a  fixed  loading  of  80%  AP )  were  tested. 

(5)  aluminum  (16  um  particles)  addition  up  to  15%  makes  the 
propellant  slightly  more  difficult  to  extinguish  (for  a 
fixed  composition  of  AP  77.5%/binder  22.5%);  but  the  op¬ 
posite  is  true  for  Pp  <  27  atm. 

It  should  be  remarked  that  some  of  these  conclusions  (AP  par¬ 
ticle  size  and  binder  type  effects)  may  be  in  conflict  with 
other  experimental  studies  in  which,  however , permanent  extinc¬ 
tion  was  recorded.  Merit le  and  Summer! icld  adopted  the  perma- 
nento  extinction  criterion  only  for  the  catalyzed  DB  test, 
since  no  visible  radiation  can  be  detected  from  DB  burning 
at  low  pressures.  They  found  that: 

(6)  the  tested  catalyzed  DB  propellant  (N-5  composition) 
is  much  easier  to  extinguish  than  any  of  the  tested  AP 
composite  propellants. 

Interesting  and  detailed  observations  on  the  flame  struc¬ 
ture  of  composite  propellants  during  depressurization  were  re¬ 
ported  by  Selzer  and  Steinz  in  a  series  of  papers  (Refs. 

32-33).  They  showed  that,  regardless  of  the  depressurization 
rate,  the  flame  intensity  (as  seen  by  spectral  emission  from 
OH,  NH,  CN,  Na  lines  and  carbon  continuum)  falls  to  zero  soon 
after  the  impact  of  the  first  rarefaction  wave  on  the  burning 
surface.  This  is  possibly  followed  by  the  appearance  of  an 
incipient  flame,  after  a  time  span  of  the  order  of  the  condens¬ 
ed  phase  thermal  wave  relaxation  time,  if  the  depressurization 
rate  is  not  too  fast.  Marked  pressure  oscillations  are  observ¬ 
ed  when  this  secondary  flame  develops,  the  flame  decay  being 
otherwise  exponential.  The  authors  further  claimed  that  the 
adiabatic  expansion  of  the  flame  quenches  the  active  gaseous 
chemical  reactions;  this  would  explain  why  the  first  zero  in¬ 
tensity  of  flame  radiation  is  noticed  when  the  instantaneous 
pressure  has  dropped  only  to  about  70%  of  the  initial  pres¬ 
sure.  The  average  O/F  mixture  ratio  was  observed  to  be  higher 
during  some  part  of  the  transient  burning  than  during  steady 
state,  due  to  preferential  consumption  of  AP  particles  ex¬ 
posed  on  the  propellant  surface;  the  binder  surface  looked 
molten  and  not  thicker  than  a  fev;  microns  (for  depressuriza¬ 
tion  tests  from  45  to  1  atm  with  AP  76%/PBCT  24%  composition) . 
The  implication  is  that  the  binder  gasification  is  the  first 
to  suffer  the  effects  of  a  pressure  expansion.  It  was  stres¬ 
sed  that  during  depressurizations  AP  may  undergo  important 
postreactions  in  the  condensed  phase,  which  would  distort  the 
O/F  mixture  ratio  with  respect  to  steady  state  and  cause  3-D 
effects. However,  it  was  later  concluded  that  more  important 
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steps  are  the  easiness  of  gas  reactions  and  the  decomposi¬ 
tion  mechanism  of  binder.  It  was  finally  confirmed,  in  a- 
greement  with  Ciepluch  (Refs.  20-22)  and  Merklo  (Kef.  29), 
that  conditions  at  the  end  of  the  depressurization  process, 
i.e.  the  final  shape  of  the  pressure  history  and  the  ex¬ 
haust  pressure,  can  oe  determining  in  extinction. 

§  1.3.2  -  Non  Linear _ dynamic  exci nctlcn  by  fast  cka  adiation 

Studies  on  dynamic  extinction  by  fast  deradiation 
overlap  with  those  on  radiative  ignition.  Oh]  einil ] or ,  at 
Princeton  University  in  1970,  first  observed  dynamic  extinc¬ 
tion  by  fast  deradiation  while  constructing  ignition  map  of 
noncatalyzcd  DB  (a  NC  composition)  by  a  CO2  laser  source, 
providing  up  to  120  cal/cni-’s  at  the  target,  in  the  range  3 
to  34  atm  of  nitrogen.  It  seems  that,  independently,  the  di¬ 
scovery  was  made  in  USSR  by  Mikheev  in  his  Candidate's  Dis¬ 
sertation  appeared  about  at  the  same  time  (1970),  but  un¬ 
available  to  this  writer.  From  successive  work  published  in 
the  open  literature,  one  would  guess  that  Mikheev's  data 
concerned  uncatalyzed  DB  propellants  tested  in  a  furnace  at 
low  radiant  flux  (few  cel/cnrs)  at  1  atm  of  air  or  nitrogen. 
Supporting  evidence  for  the  dynamic  character  of  this  pheno¬ 
menon  and  further  experimental  data  were  successively  offeree} 
mainly  at  Princeton  University  (Refs.  3,58-59  )  and  in  USSR 
(Refs.  60-63  and  pp. 173-187  of  Ref.  64).  The  radiative  pulse 
experiment  on  steadily  burning  propellants,  reported  in  Ref. 

58  ,  was  suggested  by  Yu.  A,  Gostintscv  during  a  stay  at 
Princeton  University. 

Theoretical  considerations  (Re fs . 58 , 60 , 62-63) were  of¬ 
fered  mainly  in  the  framework  of  Zeldovich  approach.  How¬ 
ever,  just  as  in  the  case  of  dynamic  extinction  by  fast  de¬ 
pressurization,  the  Zo.ldovich  stability  boundary  is  not 
meant  to  apply  to  transient  burning  stability.  The  dynamic 
stability  boundary  for  fast  deradiation  was  shown  to  coin¬ 
cide  with  that  for  fast  depressurization  in  Ref.  1  ;  de¬ 
tails  will  be  given  later  in  52.7.1.  No  other  attempt  to  eva¬ 
luate  the  dynamic  stability  boundary  for  fast  deradiation  is  known  to  this 
author. 

All  successful  experimental  results  collected  at  Prin¬ 
ceton  University  concern  radiation  by  a  100  W  continuous 
wave,  multimode  CO2  laser  emitting  at  10.6  um  in  the  far  in¬ 
frared.  Cylindrical  samples  of  propellant  were  tested  in  a 
strand  burner  with  two  optical  windows  for  high  speed  cine¬ 
matography  and  light  emission  recording  (both  visible  and 
infrared  photodetectors  were  available).  Two  mechanical 
shutters  (of  iris  leaf  type)  provided  a  trapezoidal  radia¬ 
tion  pulse,  the  action  time  of  the  shutters  could  be  requ- 
latcd  from  1  to  1 0  ms.  Dynamic  extinction  of  steadily  burn¬ 
ing  samples  (ignited  by  hot  wire)  subjected  to  laser  pulse 
was  observed  for  two  DB  uncatalyzed  compositions ,  but  it 
could  not  be  seen  for  the  tested  DB  catalyzed  propellant 
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(Ref.  58).  Experiments  were  made  up  to  11  atm  of  nitrogen; 
the  minimum  pulse  length  requireu  for  extinction,  determin¬ 
ed  by  a  go/no-go  technique,  was  found  to  increase  with 
pressure  but  decrease  v/ith  radiant  flux  intensity;  the  ra¬ 
diation  cut-off  time  was  2  ms  for  all  tests;  experiments 
in  air  were  not  conducted;  composite  propellants  were  not 
tried. 

Ignition  tests  were  performed,  in  the  range  5  to  21 
(sometimes  up  to  34)  atm  of  nitrogen  or  air,  for  12  propel¬ 
lants  representative  of  several  classes  (uncatalyzed  and 
catalyzed  P’s,  unmetallized  and  metallized  AP  composite, 

HMX  composite)  both  v/ith  laser  and  arc  image  furnaces.  Dy¬ 
namic  extinction  associated  with  ignition  v/as  again  observ¬ 
ed  only  for  several  uncatalyzed  DB  compositions  v/ith  0,  0.2, 
and  1%  carbon  addition  (Refs.  3  and  59  ).  Ignition  bounda¬ 
ries,  determined  by  a  qo/ no-go  technique,  revealed  an  igni¬ 
tion  corridor  bounded  essentially  by  two  parallel  straight 
lines  in  the  lg  radiant  heating  time  vs  Ig  radiant  flux 
intensity  plot.  The  lower  boundary  defines  the  minimum  ex¬ 
posure  time  for  self-sustained  flame  propagation;  it  is 
not  afiected  by  ambient  atmosphere  (air  or  nitrogen)  and 
radiation  cut-off  time.  The  upper  boundary  defines  the  cri¬ 
tical  (i.e.  maximum)  exposure  Lima  above  v/'nich  a  radiation 
overdriven  flame  extinguishes  when  the  external  radiant 
beam  is  removed;  this  boundary  is  strongly  affected  by  the 
ambient  atmosphere (extinction  occurs  in  air  but  not  in  ni¬ 
trogen)  ,  pressure  (increasing  pressure  widens  the  ignition 
corridor) ,  radiation  cut-off  time  (slow  cut-off  widens  the 
ignition  corridor).  For  pressures  less  than  11  atm  the  ig¬ 
nition  corridor  was  totetlly  wiped  out.  Al]  this  was  con¬ 
firmed  by  high  speed  movies  and  photodetoctors .  However, 
the  same  propellant  cxtinguishable  at  the  laser  apparatus 
could  not  be  extinguished  when  tested,  in  similar  operat¬ 
ing  Conditions,  at  an  arc  image  apparatus.  This  used  as 
source  a  2.5  kW  high  pressure  xenon  arc  lamp  with  spectral 
emission  in  the  visible  (similar  to  sunlight,  peak  near 
0.55  urn),  except  for  some  nonequilibrium  high  intensity 
bands  in  the  near  infrared.  Tests  at  the  arc  image  appara¬ 
tus  were  conducted  only  for  ignition  runs.  The  different 
results  obtained  v/ith  noncatalvzed  DB  propellants  with  the 
two  radiative  sources  were  mainly  attributed  to  different 
optical  properties  (volumetric  absorption  and  scattering 
are  strongly  wavelength  dependent;  noncatalyzed  DB  propel¬ 
lants  are  much  more  opaque  in  the  far  infrared  than  in  the 
visible)  and  larger  radiant  flux  cut-off  time  with  the  arc 
image  apparatus  (about  twi ce  with  respect  to  the  laser  ap¬ 
paratus).  Other  minor  differences  were  also  operative:  spa¬ 
tial  structure  of  the  radiant  beams  (less  sharp  with  the 
arc  image  source) ,  sample  positioning  (protruding  from  a 
metallic  holder  at  the  laser  apparatus  but  flush  at  the 
arc  image;  this  may  cause  heat  sink  effects),  different 
beam  geometry  (collimated  and  perpendicular  for  laser  but 
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converging  and  oblique  for  arc  image) .  The  different  re¬ 
sults  between  noncatnlyzed  DB  vs  catalyzed  DB  and  AP  com¬ 
posite  propellants,  observed  at  both  laser  and  arc  image- 
apparatus,  were  attributed  to  different  flame  structure 
(both  catalyzed  DB  and  AP  composite  propellants  feature 
large  heat  feedback  from  the  gas  phase  with  respect  to 
heat  release  at  the  burning  surface;  this  will  be  shown 
to  be  stabilizing)  and  different  radiation  interaction 
with  the  combustion  products  (radiation  is  gently  termi¬ 
nated  and  effectively  increased  by  carbonaceous  f Harm.-  nts 
and  particulate  generated  by  the  burning  samples;  this  is 
specially  true  for  catalyzed  DB  propellants).  However,  il¬ 
ls  expected,  in  principle,  that  all  propellants  should  ma- 
nifestate  dynamic  extinction  by  fast  dcradiation  if  tested 
in  the  appropriate  range  of  operating  conditions. 

To  the  best,  of  the  author's  knowledge,  the  only  easi¬ 
ly  available  Soviet  paper  with  detailed  experimental  data 
on  dynamic  extinction  by  fast  dcradiation  is  the  one  by 
Mikheev  and  Levashov  (Ref .  61  ).  Data  reported  concern  a 
DB  composition,  without  and  with  carbon  addition  (1°),  at 
1  atm  of  nitrogen  subjected  to  Low  (*:  10  cal/cnr's)  radiant 
flux  from  an  electrically  heated  incandescent  graphite 
plate.  Mechanical  shutters,  with  about  30  ms  action  time, 
were  used  to  control  the  pulse  length.  Three  types  of  ex¬ 
periments  wore  performed:  ignition,  radiation  pulse  of  pa¬ 
rametrical  J.y  varied  duration  on  steadily  burning  samples, 
radiation  pulse  of  parametrically  varied  intensity  on  stea¬ 
dily  burning  samples.  Ignition  runs  showed  the  familiar  ig¬ 
nition  corridor  just  discussed  (cf.  Refs.  3  and  39).  The 
second  experiment  showed  a  decrease  of  critical  (minimum 
value  leading  to  extinction)  duration  of  radiant  pulse  for 
increasing  flux  intensity.  The  third  experiment  showed  cri¬ 
tical  (minimum  value  leading  to  extinction)  radiant  flux 
intensity  increasing  for  increasing  initial  temperature 
(20  C  or  100  C)  and  for  increasing  transparency  cf  the 
sample . 

Interesting  experimental  data  on  transient  burning 
and  surface  structure  during  and  after  deradiation  were 
provided  by  Mikheev  ct  al.  in  a  successive  paper  (pp.173- 
187  of  Ref.  64  ).  They  used  an  arc  image  furnace  (the  source 
was  a  xenon  lamp  of  10  kW)  capable  of  a  radiant  flux  from 
1  to  1 0  cal/cm7s.  Experiments  on  a  DB  propellant  and  pres¬ 
sed  nitrocellulose  samples,  both  without  and  with  1%  car¬ 
bon  addition,  were  carried  out  at  1  atm  of  air  or  nitrogen. 
Mechanical  shutters  with  an  action  time  <  2  ms  were  used 
to  send  trapezoidal  (square  as  seen  by  samples  with  large 
thermal  and  reacting  layers  relaxation  times  in  the  condens 
ed  phase)  radiation  pulses  on  target.  Ignition,  fast  dera¬ 
diation,  and  fast  irradiation  experiments  were  performed. 

A  capacitive  transducer  system  was  set  up  to  record  the  in¬ 
stantaneous  strand  weight  and,  by  inference,  the  unsteady 
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mass  burning  rate;  the  frequency  passband  of  the  system 
was  0  to  250  Ilz.  With  the  DB  +  1  %  C  propellant  (a=100  cm“1) 
dynamic  extinction  w as  observed  for  tests  in  nitrogen;  re¬ 
ignition  would  occur  for  tests  in  air;  re ignition  would 
not  occur  for  tests  in  air  with  restricted  samples;  self- 
sustained  burning  was  oscillatory  in  character  (16-20  Hz). 
For  the  DB  propellant  without  carbon  addition  (a=10  cm~1) 
dynamic  extinction  could  not  bo  obtained  (recall:  maximum 
radiant  flux  way  10  cal./  era-  s )  ;  self-sustained  burning 
was  again  oscillatory  (10  Hz).  For  both  propellants,  when 
deradiation  occured,  the  burning  surface  was  immediately 
covered  with  a  dense  distribution  (1001.  for  DB  a  It  C  and 
501  for  DB  v/ithout  carbon)  of  bubbles  (0.1  mm  diameter). 

The  authors  .suggested  that  this  may  be  associated  'with 
gas  evolution  breach,  in  the  subsurface  lciyer,  caused  by 
the  sharp  burning  rate  decrease.  The  authors  further  em¬ 
phasized  the  multidimensional  nature  of  phenomena  occur- 
ing  at  and  near  the  burning  surface;  unsteady  and  nonuni¬ 
form  character  of  burning  surface,  on  microscale  level, 
even  for  steady  combustion;  low  frequency  (10-20  Hz)  burn¬ 
ing  associated  with  condensed  thermal  wave  relaxation  time;, 
higher  frequency  (50  to  100  ilz)  bei  ny  probably  associated 
with  local  small  scales  of  burning  surface. 


f  1.3.3  -  Non  11  near  oscillating  combustion 

The  original  work  of  Huffington  (Refs.  65*00)  on  chuf¬ 
fing  and  oscillatory  burning  of  cordite  goes  back  to  the 
beginning  of  the  ’50.  Experimental  results  and  a  theoretical 
interpretation,  in  terms  of  condensed  phase  thermal  explo¬ 
sion,  were  aj.vcn  for  both  phenomena.  The  proposed  mechanism 
for  oscillatory  burning  of  cordite  is  the  successive  explo¬ 
sion,  assisted  by  gas  phase  heat  feedback,  of  discrete  sur¬ 
face  layers  of  decreasing  thickness  with  increasing  pres¬ 
sure.  The  Frank-Kamonetskii  thermal  explosion  theory  (Ref. 
67)  was  extended  to  consider  a  monodincncional  slab  of  de¬ 
composing  explosive,  enclosed  between  two  parallel  walls, 
with  one  surface  (hot  boundary)  subjected  to  a  constant 
rate  of  heat  transfer  while  the  other  (cold  boundary)  is 
maintained  at  a  constant  temperature.  For  cordite  this  tem¬ 
perature  was  taken  as  the  melting  temperature  (460  K) ;  for 
other  cases  it  was  just  the  ambient  temperature.  The  solu¬ 
tion  determines,  for  a  given  heat  transfer  rate  to  the  burn¬ 
ing  surface,  the  critical  slab  thickness  and  surface  tempe¬ 
rature  above  which  the  volumetric  decomposition  develops  to 
explosive  rates.  These  critical  values  were  found  to  depend 
on  the  dimensionless  parameter  E  /(€T_m, being  E  the  activa¬ 
tion  energy  of  the  distributed  exothermic  reaction  (assumed 
of  Arrhenius  type)  in  the  condensed  phase  and  T_  the  cold 
boundary  temperature.  The  theory  was  quite  successful  in 
predicting,  at  20  atm,  a  thickness  of  layer  burnt  off  in  a 
single  explosion  of  about  50  pm  and  a  frequency  of  about  40 


Hz. This  theoretical  approach ,  remarkable  25  years  ago, suffers 
today  the  known  limitations  of  tlic  Frank-Kajix-notskii  typo  of  theory. 

A  relatively  .larqe  amount  of  work  on  oscillatory  burning 
of  several  reactive  materials ,  including  Dls  and  AP-basod  cosjo- 
site  propel  lan!. ,  was  performed  by  Soviet  investigate  rs .  A  good 
review,  mostly  focused  on  the  theoretical  aspects  of  this  ques¬ 
tion  ,  is  contained  in  Rovozhi lov ' s  monograph  on  solid  propellant 
burning  (Hof.  AO).  In  particular,  a  numerical  solution  for  the 
unsteady  prepay a t i on  of  an  exothermic  reaction  front  in  a  gas- 
leer;  system  (condensed  phase  energy  equation  coupled  with  a  dis¬ 
tributed  chemical  react! on  rate  term  of  Arrohnius  type)  was 
given  in  1971  (Ref.  f>8).  The  >  a  l  her  vague  mechanism  invoked)-./  the 
authors,  to  explain  the  oscillai.i  ny  combustion  observed  under  a 
wide  combinai  ion  of  ti,e  rele  vant  p- rarncter s ,  relies  on  the  "ex¬ 
cess  enthalpy"  of  the?  .steadily  propagating  combustion  front  as 
compared  with  the  enthalpy  of  the  .initial  material  .  Librovich 
and  Hnkhviladze  (Ref.  G9)  took  up  this  problem  in  1974;  they 
simplified  the  gasless  system  by  consider! ny  a  collapsed  chemi¬ 
cal  layer  separating  the  initial  material  from  the  combustion 
products.  An  analytical  solution  was  found  via  an  .integral  motiv¬ 
ed  (Fourier  transform)  and  successfully  compared  with  the  previ¬ 
ous  numerical  solution  of  Ref.  68.  In  belli  cases  an  increase  of 
the  activation  energy  was  found  to  increase  the  period  of  the  o- 
scillutiny  coiubus f.ion  rate  and  the  amount,  of  movement  of  the  re¬ 
action  front  during  one  oscillation,  but  decrease  the  mean  velo¬ 
city  .  Frequencies  wo  re  of  the  order  of  several  10  Hz.  The  oscl  i- 
1  ci tiny  mechanism,  according  to  Librovich  and  Makhv i ladze , cons .i  s  ts 
of  a  succession  of  fast  burn-up  of  unread led  but  heated  layers, 
each  requiring  a  prolonged  thermal  time  lag  for  the  ignition  to 
occur . 

Experimental  results  on  self “sustained  oscillatory  combus¬ 
tion  of  pure  and  metal  1  > zed  DR  propellants,  both  in  a  strand  bur¬ 
ner  and  rocket  combustion  chamber,  were  published  by  Sveflichny 
et  al.  (Ref.  70)  in  1971.  In  the  pressure  range  1  —  14  0  atm,  combs. - 
t.ion  oscillations  (reveal  ed  by  radiation  emission  and  electric.-.  1 
conductivity  of  the  burning  zone)  up  to  several  10  Hz  were  detect 
ed .  The  authors  quail  ha  lively  ascribed  these  oscillations  to  un¬ 
stable  thermal  relaxation  of  the  condensed  phase  heated  layer. 

However,  according  to  the  same  authors  (Ref.  70) ,  self-su¬ 
stained  oscillatory  burning  of  the  same  DB  propellants  at  pres¬ 
sure  less  than  70  at.r.i  is  due  to  incomplete  combustion.  This  arid 
other  oscillating  mechanisms  related  to  burning  peculiarities 
(e.  y  ...incomplete  burning  invoked  in  Ref.  70  and  inhoinogeneitics 
of  the  combustion  wave  in  Refs.  71-72)  are  out  of  the  scope  of 
this  work.  Oscillatory  burning  due  Lo  combustion/fluid-dynamics 
coupling  (c.g.,  see  Ref.  73)  is  also  out  of  the  scope  of  this 
work.  In  this  work  self-sustained  oscillatory  burning  of  exclusi¬ 
vely  thermoki netic  character  is  considered  for  the  wide  class  of 
hotel ogonoous  combustion  systems.lt  will  be  shown  that  this  type 
of  oscillatory  burning  is  mainly  related  to  the  presence  of  a 
strongly  exothermic  chemical  reaction  in  the  condensed  phase 
(col)apsed  at  the  burning  surface).  Pressure  will  be  seen  to  fa¬ 
vor  stability.  The  combustion  frequency,  of  the  order  of  few 
10-100  Hz,  will  be  found  to  increase  with  pressure.  The  charac- 
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teristic  burning  rate  spikes  associated  v/it.h  these  oscillations 
intuitively  confirm  the  physical  mechanism  suggested  by  Libro- 
vich  and  Makhvil adze  (Re f.  69). 

First  detailed  analytical,  predictions  and  numerical  results , 
for  a  model  explicitly  considering  the  heterogeneous  burning 
of  a  solid  p>  opollant  (quasi-stcady  MTS  flame),  were  offered  by 
De  Luca  (Refs.  2-3)  in  1976.  Other  results  and  an  .interpretation 
in  terms  of  bifurcation  diagrams  were  given  by  De  Luca  (Refs.  12,16) 
later.  Kooker  and  Nelson  (Ref.  74)  numerically  confirmed  the 
existence  of  a  self-sustained  oscillatory  burning  regime  for  sol¬ 
id  pi opol l ants  (the  quasi -steady  KTSS  linearized  flame  model  was 
adopted),  but  without  mating  any  attempt  to  predict  the  existence 
and  the  properties  of  such  a  special  regime.  The  assumption  of 
quasi- steady  gas  phase  in  these  developments  might  lie  open  to 
criticism,  as  rightly  pointed  out  by  T’icn  (Ref.  75).  Peters 
(Ref.  76)  numerically  observed  self -susta i ned  oscillations  of 
hybrid  burning  of  porous  spherical  particles  of  combustible  ma¬ 
terial  immersed  in  an  infinite  stagnant  oxidizing  atmophere  by 
solving,  via  an  integral  method  (polynomial  space  dependence 
of  the  relevant  variables),  the  governing  set  of  5  ODE's.  A  ri¬ 
gorous  analytical  treatment  of  the  oscillating  combustion  asso¬ 
ciated  with  gas.lcss  burning  of  condensed  systems  discussed  in 
Refs.  68-69  was  recently  offered  by  Mathovski  and  Sivashinski 
(Ref.  77).  They  shoved  that  a  periodically  pulsating  solution 
arises  as  a  llopf  bifurcation  from  the  uniformly  propagating  so¬ 
lution,  the  bifurcation  parameter  being  the  product  of  a  nondi- 
mensional  activation  energy  and  a  factor  measuring  the  diffe¬ 
rence  between  nondimonsional izecl  temperatures  of  unburned  react¬ 
ing  material  and  the  combustion  products.  The  amplitude,  frequen¬ 
cy,  and  velocity  of  the  propagating  pulsating  front  were  also 
computed  (within  the  framework  of  a  nonlinear  treatment). 


CHAPTER  2  -  NONLINEAR  THEORY  OF  SOLID  PROPELLANT  COMBUSTION 
:;  :vo:  ;,iYy 

In  this  chapter  an  overview  of  the  theoretical  develop¬ 
ments  ,  both  analytical  and  nuraerical ,  concerning  nonlinear 
burning  stability  of  solid  propellants  is  offered.  First  the 
basic  assumptions  and  equations  are  revised,  then  the  trans¬ 
formation  of  the  governing  PDE  into  an  ODE  is  performed. 

This  allows  us  to  define  static  and  dynamic  stability  proper 
ties  of  burning  solid  propellents.  For  the  first  time  with 
respect  to  previous  reports  by  this  research  group: 

(a)  results  obtained  by  using  MTS,  KTSS  (both  linearised 
and  nonlinear  versions),  KZ ,  and  LC  flame  models  are 
compared . 

(b)  the  validity  of  the  nonlinear  dynamic  stability  boundary 
is  extended  to  complicated  forcing  functions  such,  as  si¬ 
multaneous  deradiation  and  dopressuri xai ion,  consecutive 
deradiation  and  depressurization,  radiation  pulses. 

(c)  the  nonlinear  stability  theory  includes  now  the  case  of 
specific  heat  ratio  not  necessarily  unity  (C g/Cc  ?  1) 
and  the  case  of  radiative  heat  loss  from  the  burning  sur 
face  not  necessarily  zero  (t;  ■/■  0). 

(d)  the  range  of  self-sustained  oscillatory  burning  is  inve¬ 
stigated  in  detail  both  at  large  and  low  pressure. 

(e)  new  concepts  about  the  pressure  deflagration  limit  are 
illustrated  in  detail. 

(f)  further  results  on  ignition  transients  are  presented. 

Moreover,  some  detailed  analyses  of  the  MTS,  KTSS  (both 
linearized  and  nonlinear  versions),  KZ ,  and  LC  flame  models 
are  offered.  Numerical  computations  verifying  most  of  the  a- 
nalytical  predictions  are  shown.  A  section  on  the  state  of 
the  art  of  the  nonlinear  burning  stability  theory  ends;  this 
chapter.  Experimental  results  from  shock  tube  and  depressu¬ 
rization  strand  burner  are  reported  in  Ch .  3;  experimental 
results  by  laser  techniques  are  reported  in  Ch.  4. 


Sec.  2.1  -•  BACKGROUND  AND  NOM.RNCL7i.TURE 


The  physical  system  dealt  with  is  presented  in  its 
most  general  form  in  the  schematic  of  Fig.  la.  The  pressure 
of  the  vessel,  the  radiant  flux  impinging  on  the  surface  of 
the  strand  (originating  exclusively  from  some  external  ener¬ 
gy  source) ,  the  ambient  temperature  measured  at  the  cold 
boundary  of  the  propellant  sample  (supposed  to  be  infinite¬ 
ly  long),  and  any  other  parameter  which  can  be  controlled 
in  a  known  way  from  the  outside  of  the  vessel  are  designa¬ 
ted  as  controlling  parameters,  h  change  of  one  or  more  of 
these  controlling  parameters  will  affect,  in  some  way,  the 
state  of  the  physical  system  and,  consequently,  they  are 
also  called  external  perturbations. 

On  the  other  side,  we  designate  as  intrinsic  perturba¬ 
tions  sources  all  those  "small"  (in  a  sense  to  be  specified) 
irregularities  and  imperfections  always  present  in  the  real 
world  but  which  are  nevertheless  neglected  in  the  idealized 
picture  of  Fig.  la.  For  example,  nonuniform,  composition 
of  the  strand,  impurities  variuosly  scattered  in  the  conden¬ 
sed  phase,  complicated  geometry  of  the  burning  surface,  etc. 
all  contribute  to  hopefully  small  but  persistent  differences 
of  the  actual  phenomena  from  those  described  by  mathematical 
models . 

Whether  the  perturbation  sources  are  external  or  intrin 
sic,  the  prior,  supposedly  unperturbed,  steady  state  profile 
of  temperature  in  the  combustion  wave  will  be  modified  to 
some  new  perturbed  unsteady  profile.  Let  us  define  the  di¬ 
sturbance  temperature  profile  as  the  profile  of  the  point- 
by-point  dif  for  once  between  the  perturbed  profile  and  the 
original,  unperturbed  profile.  The  general  problem  of  static 
stability  may  be  stated  as  follows:  given  a  stationary  sta¬ 
te  of  the  physical  system,  the  system  is  forced  to  a  close 
but  nonstationary  slate  and  it  is  asked  whether  the  system, 
after  a  long  enough  period  of  time,  will  go  back  to  its  ini¬ 
tial  state  or  will  move  away  from  it.  In  the  specific  physi¬ 
cal  configuration  considered- in  this  study,  it  is  asked  whe¬ 
ther  the  disturbance  temperature  profile  will  die  out  in 
time  or  nor.  Mathematically,  the  problem  is  an  initial  va¬ 
lue  problem  and  is  usually  described  by  a  parabolic  type  of 
partial  differential  equation. 

It  is  of  concern  to  distinguish  between  static  and  dy¬ 
namic  stability.  The  general  problem  of  dynamic  stability 
may  be  staled  as  follows:  given  an  initial  stationary  state 
of  the  physical  system,  the  system  is  forced  to  a  different 
(final)  stationary  state  by  moans  of  appropriate  changes  in 
time  of  pressure  and/or  radiant  flux  and  it  is  asked  whether 
the  system,  after  a  long  enough  period  of  time,  will  reach 
the  wanted  final  state  or  another ( if  existing )f inn  1  state.  In 
other  words,  the  stability  of  a  system  where  intrinsic  per¬ 
turbation  sources  exclusively  are  considered  to  be  acting 
(stability  of  a  state)  is  called  static . Conversely ,  the  sta- 


bility  of  a  system  in  which  the  external  controlling  para¬ 
meters  are  changing  in  time  and  multiple  final  states  ex¬ 
ist  (stability  of  a  transition)  is  called  dynamic.  It  will 
be  shown  that  in  the  latter  case  the  rate  of  change  in  time 
of  the  pressure,  for  example,  is  of  fundamental  importance 
and  this  explains  the  expression  "dynamic  stability". 

In  this  research  program,  the  ultimate  objective  is  to 
establish  boundaries  separating  recijons  of  stability  from 

those  of  instability  on seme  copven iont  q raphica 1  plot  .  1 1 

will  be  shown  that  static  and  dynamic  stability  boundaries 
are  different  in  nature. 

Since  the  mathematical  problem  is  formidable,  no  gene¬ 
ral  method  has  been  found  so  far  for  solving  the  stability 
problem  in  its  various  aspects.  Historically,  a  large  amount 
of  work  has  been  devoted  to  stability  problems  in  fluid  dy¬ 
namics.  A  standard  treatment  in  this  and  related  fields  is 
the  linearized  approach,  which  is  based  on  two  essential  as¬ 
sumptions:  disturbance  quantities  infinitesimally  small  and 
a  mathematical  model  (differential  equations,  boundary  con¬ 
ditions,  and  any  other  relationship)  containing  only  distur¬ 
bance  quantities  of  first  order.  Under  these  hypotheses,  the 
problem  reduces  to  an  eigenvalue  formulation  whose  mathema¬ 
tical  theory  is  very  well  developed.  Besides  this  standard 
approach  , several  other  approximate  and  often  ad  hoc  methods 
have  been  set  up  in  various  fields  of  applied  sciences.  The 
reason  for  such  a  confusing  state  of  affairs  is  essentially 
one:  the  behavior  of  most  physical  system  is  described  by 
nonlinear  equations  and  nowadays  not  only  a  mathematical 
theory  encompassing  all  types  of  nonlinearities,  but  even  a- 
nalytical  methods  capable  of  dealing  with  specific  types  of 
nonlinearities,  are  not  yet  available. 

In  this  study,  in  order  to  avoid  the  serious  drawbacks 
of  any  linearized  treatment,  a  nonlinear  combustion  stability 
analysis  by  means  of  an  approximate  approach  is  offered.  Ba¬ 
sically,  the  problem  will  be  transformed  from  a  PDE  into  an 
ODE  formulation  via  an  integral  method.  Notice  that  the  pro¬ 
posed  approach  requires  the  implementation  of  a  flame  model, 
since  Zeldovich  method  is  of  no  help  (see  Sec.  1.3).  However, 
any  flame  model  capable  to  describe  quantitatively  the  heat 
feedback  from  the  gas  phase  to  the  burning  surface  is  in 
principle  acceptable.  The  choice  of  the  flame  model  is  at  the  op¬ 
tion  of  the  investigator.  Obviously,  the  proposed  stability 
theory  can  only  extract  the  stability  properties  (both  static 
and  dynamic)  implicitly  buried  in  any  flame  model.  This  fact, 
in  turn,  might  help  in  the  choice  of  the  best  flame  model 
for  a  given  combustion  problem. 

A  composite,  ammonium  perchlorate  based  solid  rocket 
propellant,  denoted  as  AP/PBAA  No.  941,  is  taken  as  datum  ca¬ 
se  throughout  this  report.  However,  this  by  no  means  is  meant 
to  imply  that  the  approach  is  restricted  to  some  specific 
class  of  solid  propellants.  The  physical  and  chemical  proper¬ 
ties  of  the  propellant  AP/PBAA  No.  941  are  listed  in  Tab.1. 


Sec.  2.2  -  FORMULATION  OF  THE  GENERAL  QUASI-STEADY  GAS 
PHASE  TRANSIENT  PROBLEM 

Except  where  explicitly  excluded,  the  following  set 
of  assumptions  is  valid  throughout  this  work.  With  reference 
to  Fig.  1 : 

a)  Entire  Strand. 

1.  Monodimensional. 

2.  Constant  thermal,  physical,  and  chemical  properties. 

3.  At  cold  boundary,  in  thermal  equilibrium  with  ambient. 

4.  Subjected  to  no  external  forces  (acceleration,  gravity, 
electromagnetism) . 

5.  No  emission  of  radiation  (only  external  radiation  sources) 

b)  Condensed  Phase. 

1 .  Semi- infinite  slab. 

2.  Uniform  and  isotropic  composition. 

3.  Adiabatic,  except  at  the  burning  surface. 

4.  No  chemical  activity. 

5.  No  radiation  scattering. 

6.  No  photochemical  effects. 

c)  Interface. 

1 .  Infinitesimally  thin  plane  surface  (collapsed  condensed 
phase  reacting  layer) . 

2.  One-step,  irreversible  gasification  process  (pyrolysis). 

d)  Gas  Phase. 

1.  Semi- inf inite  column  of  gas. 

2.  Mixture  of  thermally  perfect  gases  of  average  molecular 
weight  'Til. 

3.  One-phase,  laminar,  nonviscous,  strongly  subsonic  flow. 

4.  Adiabatic,  except  at  the  burning  surface. 

5.  No  interaction  with  (external)  radiation. 

6.  Lewis  number  =  1,  each  chemical  species  has  the  same 
soecific  heat  C  ,  mass  diffusion  in  expressed  by  Pick's 
lav;;  therefore  ythe  gas  phase  can  be  described  by  a  sim¬ 
ple  thermal  model  (see  Sec.  2.3). 

7.  Quasi-steady  behavior,  v/ith  finite  reacting  layer  thick¬ 
ness. 

The  following  set  of  reference  parameters  is  used  fo'- 
nondimensionalizing  (with  specific  reference  to  the  propel¬ 
lant  AP/PBAA  No.  941  taken  as  datum  case;  see  also  Tab.  1): 
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Pref 

= 

68 

atm 

Tref 

= 

300 

K 

^ref 

= 

K<Pref>  " 

0. 

8  37 

cm/  s 

T 

s ,  ref 

E 

Ts(Pref)  = 

1  000 

K 

Tf , ref 

= 

Tf(Pref)= 

24 

30 

K 

xref 

= 

ac//'  ref 

1  . 

673  x  10 

"  J  cm 

fcref 

— 

a  ^  = 

c'  ref 

1  . 

998  x  10 

~  8  s 

^ref 

= 

C  (T  , 

c  s,ref 

- 

T  ,)  = 
re  f 

231  cal/g 

rref 

- 

P  C  o  (t 

c  c  ref 

s. 

ref  ~  Tref)  =  297,8  cal/cm2s 

from  which  one  gets 

the  following  nondimens ional  variable 

V 

= 

P/P  c 
'  ref 

nondim. 

pressure 

R 

= 

* 

'  ref 

nondim. 

burning  rate 

X 

= 

x/xref 

nondim. 

distance 

6 

= 

d/*re£ 

nondim. 

thickness 

6a 

= 

^V^ref 

nondim. 

absorption  layer  thickness 

T 

= 

‘/‘ref 

nondim. 

time 

H 

= 

^s^ref 

nondim. 

surface  heat  release 

Q 

= 

°f/Qref 

nondim. 

gas  heat  release 

F 

o 

= 

Vhef 

nondim. 

radiant  flux  intensity 

« 

q 

= 

"/'ref 

nondim. 

conductive  heat  flux. 

Notice  that  for  the  temperature,  both  of  the  following  defi¬ 
nitions  are  used  according  to  need: 


(2.2.1a)  0 


T,  ,  -  T  , 

=  (  )  ref 
(  )  T  _  -  T  , 
s,.ref  ref 


(2.21b) 


(  ) 


(  ) 


(  ) , ref 


e.g.  0f 
e.g.  T f 


Tf  ~  Tref 

T  -  T 

s,ref  ref 


f ,  ref 
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whore  the  choice  of  the  particular  definition  depends  on  the 
specific  physical  phenomenon  being  considered. 

The  general  nondimensional  quasi-steady  gas  phase  tran¬ 
sient  formulation  includes  the  unsteady  condensed  phase  pro¬ 
blem  (Eq.  2.2.2),  relationships  accounting  for  the  surface 
mass  production  (Eqs.  2.2.3),  the  quasi-steady  gas  phase  pro¬ 
blem  (Eqs.  2.2.4  -  2.2.8),  some  auxiliary  relationships  assign¬ 
ing  the  gas  phase  and  burning  surface  heat  release  (Eqs. 2. 2. 9  - 
2.2.10)  and  the  time  history  of  the  controlling  parameters 
(Eqs.  2.2.11  -  2.2.12).  Obviously,  the  gas  phase  treatment  is 
not  complete  without  the  energy  equation  whose  first  integral 
gives  the  heat  feedback  law;  this  is  discussed  in  Sec.  2.3. 

For  details  about  the  writing  of  the  equations,  the  reader  is 
referred  to  Ref.  3. 


H +  R !  -  0  ♦  Vo 

0(X,x  =  0)  =  assigned 
(2.2.2)  /  Q(X  -  — °°,t)  =  0_oo 


<f>c,s  *  5^  (TS>g,s  +  <1-V(1-W  W 


=  _2  (i® 

X  ' 
c 

-  *[Br 


ef  (1  '  V 


>] 


IIPDEx^0,X<  0 
IC 
BC2 

BC1 


where  the  boundary  condition  BC1  at  X=0  merely  states  the  ener¬ 
gy  conservation  at  the  burning  surface  (see  Fig.  1b) . 

The  specific  form  of  the  function  f(X,X)  depends  on  the  op¬ 
tical  model  of  the  condensed  phase  (absorbing  vs  absorbing¬ 
scattering)  and  nature  of  the  external  radiation  source  (mono¬ 
chromatic  vs  polychromatic  and  collimated  vs  uncollimated) .  If 
the  impinging  radiation  is  polychromatic,  the  burning  surface 
reflectivity  r(X)  in  the  boundary  condition  BC1  at  X  =  0  shall 
be  wavelength  averaged;  if  the  burning  surface  composition  is 
not  uniform,  r(A)  shall  also  be  surface  averaged;  if  the  burn¬ 
ing  surface  is  not  a  diffuse  reflector,  the  angular  dependence 
of  r(A)  shall  be  taken  into  account.  Details  about  the  radia¬ 
tion  distribution  in  the  condensed  phase  and,  more  generally, 
about  the  derivation  of  Eq.  2.2.2  can  be  found  in  Ref.  7,  for 
example.  For  the  common  case  of  an  optically  transparent  con¬ 
densed  phase,  assumed  absorbing  but  not  scattering,  the  fami¬ 
liar  Beer's  lav;  is  obtained 

1_rX 

— —  exp (X/6  ) 

6  a 
a 


f  (X,X) 


X  $  0 
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to  be  evaluated  at  the  particular  operating  wavelength  if  ra¬ 
diation  is  monochromatic. 

In  the  boundary  condition  BC1  at  X  =  0: 

A  ^  0 

6  (¥, R)  =  yS.  (Sil)  is  the  nondimensional  heat  feedback 

Ac  to  be  defined  by  a  flame  model; 

^■^(Og)  is  the  nondimensional  heat  loss  from 

the  burning  surface  to  be  explicitly 
given; 

Hrefis  conventionally  supposed  positive  if  endothermic; 

is  a  transparency  factor  (N  =0  for  opaque  condensed  phase 
and  N  =  1  for  transparent  condensed  phase) . 

The  last  point  deserves  some  comment.  The  hypothesis  of 
a  collapsed  reacting  layer  might  imply  in  some  cases  that  a 
certain  thickness  of  condensed  phase  is  shrunken  to  an  infi¬ 
nitesimally  small  value.  For  consistency,  the  (external)  ra¬ 
diant  flux  should  be  separated  in  a  portion  deposited  directly 
at  the  surface  (as  if  the  propellant  were  opaque)  and  in  a 
(remaining)  portion  distributed  volumetrically  in  the  condensed 
phase  according  to  the  proper  extinction  coefficient.  The  tra- 
sparency  factor  N,  ,  therefore,  should  be  set  equal  to  the  frac¬ 
tion  of  radiant  flux  absorbed  in  the  reacting  layer  when  it  is 
thought  of  as  extended.  However,  the  extent  and  the  very  exi¬ 
stence  of  a  condensed  phase  reacting  layer  is  an  extremely  con¬ 
troversial  question.  In  this  study  Nt  is  taken  either  as  0  or  1 , 
although  this  is  not  a  necessity. 

Heat  losses  from  the  burning  surface  typically  occur  by 
radiative  emission; 


<5[i(0s)  =  eo 


[Vrs,ref-Tref>  +  Tret]'  '  [°a  (Ts  ,  rertef*  +  Tref] 


pcCc  ‘'ref (Ts,ref“Tref) 


being  e  the  burning  surface  emissivity  and  a  the  Boltzmann 
constant. 

As  to  the  surface  mass  production,  the  following  combined 
pyrolysis  is  used  according  to  need  both  for  steady  and  unsteady 
states : 

-EM  1 

(2.2.3a)  R  =  exp[  ^ - (^r-  -  1)]  Arrhenius,  0g  ^  ©k 

s,ref  s 

(2.2.3b)  R  =  (0  -  0m)W  KTSS  <  ©k  *  0s  *  0m 


0  v< 

s  m 


(2.2. 3c)  R  =  0 
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where  Om  is  some  empirically  defined  minimum  temperature 
under  which  the  solid  propellant  undergoes  no  chemical  acti¬ 
vity.  The  power  w  is  determined  by  matching  the  two  pyroly¬ 
sis  laws  at  a  given  surface  temperature,  say  0s=©kf  near  the 
ambient  temperature.  This  formulation,  of  the  pyrolysis  law 
allows  us  to  avoid  the  "cold  boundary  difficulty"  of  the  Arr¬ 
henius  expression. 

Relationships  for  the  quasi-steady  gas  phase  include  the 
mass  continuity 

pc 

(2.2.4)  U  (X,  t)  =  p~~(x^tT  R(T)  1 

the  momentum  equation  describing  a  trivial  pressure  distribu¬ 
tion  (possibly  changing  in  time) 


(2.2.5)  ¥(X,t)  =  W (t)  ; 

the  state  equation  (in  dimensional  terms) 

(2.2.6)  P(t)  =  PfT  (x,t)  §=■  T  (x ,  t )  ; 

9  Oil 

the  integral  energy  balance  assigning  the  quasi-steady  flame 
temperature 

c  <5 

(2.2.7)  0f(r)  =  Qs  +  ■—■  (Q  - 

g 

an  estimate  of  the  (average)  characteristic  flame  thickness 
given  by 


i 


M 

'  l 

*  i 


P 


(2.2.8)  x£  -  R  Tre  cc/Pg  =  R  T'e  (Xg/X c>  <W  =  U  Tre 

where  x  is  a  characteristic  reaction  time  to  be  defined  by  a 
flame  model. 

The  heat  release 
on  pressure  only 


(2.2.9)  Q(T)  =  0  (T) 

& 

being  the  pressure  dependent  portion  of  the  steady  net  heat  re¬ 
lease  at  the  burning  surface  defined  by 

»<'*’>  =  i.re£  +  -2^£  [l  -  0SW 

C  L. 


in  the  gas  phase  can  be  assumed  dependent 
+  c2  L  ®f  (w)  “  ®s  (W)]  +  ** (W) 


The  quantity  Href  has  to  be  assigned  independently  and  strict¬ 
ly  depends  on  the  original  condensed  phase  composition  only. 

For  example,  for  the  broad  class  of  nonmetallized,  AP  composite 
propellants  (Ref.  82c) 


(2.2.10)  Href 


®cr,AP  +  ^v,AP 


QNH3/HC104)  +  (1_p)  Qv, Binder 


C 

c 


(T 


s ,  ref 


ref 


taking  into  account  the: 

(1)  endothermic  processes  of  AP  crystalline  transition  from  or- 
thorombic  to  cubic  at  240°C  and  AP  dissociative  sublima¬ 
tion  of  zeroth  order  with  respect  to  pressure. 

(2)  exothermic  reactions  of  tne  premixed  NH3/HCIO4  flame  due  to 
AP  decomposition  (this  flame  is  so  thin  down  to  1  atm  that 
it  can  be  collapsed  at  the  burning  surface) . 

(3)  endothermic  binder  gasification. 

The  steady  dependence  of  burning  rate  on  pressure 
R  =  R  (W) 

at  standard  conditions  (300  K  ambient  temperature  and  adiaba¬ 
tic  combustion)  is  assumed  experimentally  known.  The  steady 
dependence  of  adiabatic  flame  temperature  on  pressure 

0f  =  0f  (T) 

is  assumed  known  from  standard  equilibrium  thermochemistry. 

For  example,  for  the  datum  case  considered  (see  Tab.  1),  the 
following  relationship  was  found  to  hold  up  to  100  atm;  in 
dimensional  terms 

Tf(p>  -  Tf , ref  -  ft  <pref  '  p» 

where  ^f  r  f  =  2430  K  and  Pref  -  68  atm  (Ref.  29b).  The  steady 
flame  temperature  in  the  presence  of  an  external  radiant  flux 
can  be  obtained  by  the  following  integral  energy  balance  in 
the  gas  phase 

C  -C 

0f(W,Fo)  =  0f  (T)  +  0g  (T,Fq)  -  es(V) 

9 

Finally,  it  is  understood  that: 

(2.2.11)  T(t)  =  externally  assigned 

(2.2.12)  Fq (t)  =  externally  assigned 
according  to  the  wanted  transient  burning. 


Sec.  2.3  -  QUASI -STEADY  FLAME  MODELS 


In  order  to  define  explicitly  the  function  0  (W,R) 
required  for  the  BC1  of  the  PDE  describing  the  trlhsient 
thermal  profile  in  .the  condensed  phase  (Eq.  2.2,2),  a  flame 
model  has  to  be  chosen.  It  is  emphasized  that  any  flame  mod¬ 
el  can  be  picked  up.  For  the  composite  propellant  AP/PBAA 
No.  941  taken  as  a  datum  case,  several  flame  models  were  test¬ 
ed:  MTS,  RTSS  (both  developed  by  Summerfield  and  coworkers), 

KZ  and  LC.  These  flame  models  are  all  thermal  in  nature  and 
invoke  the  assumptions  mentioned  in  Sec.  2.2. 

§  2.3.1  -  MTS  flame 

The  model  worked  out  by  Merkle,  Turk,  and  Summerfield 
(MTS,  Ref.  29)  is  basically  a  juidicious  combination,  based 
on  experimental  data,  of  the  diffusive  and  kinetic  aspects 
of  the  gas  phase  reactions.  The  model  worked  out  by  Krier, 
T'ien,  Sirignano,  and  Summerfield  (RTSS,  Ref.  83)  can  be  seen 
as  a  particular  case  of  the  previous  one  when  the  flame  is 
purely  diffusion  controlled.  The  MTS  model  will  be  used  for 
most  of  the  theoretical  developments  of  this  report.  For  a 
detailed  knowledge  of  how  the  model  is  derived,  the  reader 
is  referred  to  the  original  Ref.  29b  and  also  to  Refs.  82, 
84-85  treating  the  GDF  theory  from  which  the  MTS  flame  model 
has  evolved.  Only  qualitative  comments  will  be  offered  here. 

Any  pattern  of  chemical  reactions,  no  matter  how  compli¬ 
cated,  involves  the  two  physically  distinct  phenomena  of  mass 
diffusion  and  chemical  kinetics.  It  is  known  from  homogeneous 
combustion  theory  that  quite  often  diffusion  processes  domi¬ 
nate  the  kinetic  processes  in  the  sense  that 


T 


di 


>> 


1 


or,  conversely,  the  opposite  extreme  may  be  true.  These  two 
limiting  configurations  arc  respectively  known  as  diffusion 
and  premixed  flames.  For  heterogeneous  combustion,  in  parti¬ 
cular  of  solid  propellants,  there  are  instances  in  which 
the  gas  phase  portions  of  the  deflagration  wave  may  be  trea¬ 
ted  according  to  one  of  the  above  limiting  configurations. 
But,  in  principle,  especially  for  transients  connected  to 
large  excursions  of  the  controlling  parameters,  the  gas  pha¬ 
se  treatment  of  a  heterogeneous  combustion  wave  has  to  ac¬ 
count  for  both  processes.  This  was  originally  done  by  Sum¬ 
merfield  in  his  GDF  theory  for  the  AP  steady  flame  model.  La¬ 
ter,  an  extension  was  made  for  the  AP  quasi-steady  flame  mo¬ 
del  accounting  for  variable  flame  and  surface  temperatures. 
Although  derived  for  the  specific  case  of  the  AP  class  of 
propellants,  the  formulation  of  the  MTS  flame  model  is  quite 
general  and  may  be  adapted  to  other  cases  of  heterogeneous 
combustion . 


For  the  specific  case  of  AP  composite  propellants, 
the  MTS  flame  model  accounts  not  only  for  the  granular  dif¬ 
fusion  flame  (GDF)  of  the  oxidizer  with  the  binder  (Ref. 29), 
but  also  for  a  distended  premixed  flame  corresponding  to  the 
AP  decomposition  products  burning.  In  this  study,  the  simpli¬ 
fied  version  with  the  premixed  flame  collapsed  at  the  burning 
surface  has  been  adopted.  This  assumption  is  acceptable 
(p.  28  of  Ref.  29b)  for  pressure  values  not  lower  than  say, 

1  atm.  The  most  important  parameter  characterizing  the  gas 
phase  during  a  quasi-steady  transient  is  the  heat  feedback 
to  the  burning  surface.  According  to  the  (collapsed)  MTS 
flame  model,  the  nondimensional  heat  feedback  is 


r  /  T 1 .  .  /  x  *  1 -exp ( -R2  x '  )- 

(2 . 3. 1 )  a  -  QR  F L— ju  exp(-R2T'  )  +  ■  -  - ; - —  ' 

9'  L  / T  *  re  /"'re  R2"'ro  J 


where  x',  .  is  a  nondimensional  kinetic  time  parameter; 
ki 

x,^.  is  a  nondimensional  diffusion  time  parameter; 

t're  is  a  nondimensional  reaction  time  parameter; 

R  is  given  by  an  Arrhenius- type  pyrolysis  law, typically. 

Following  the  MTS  flame  model  development,  we  put 


'f  r  e£m  i  i 

exp  i  -  be-  ~  1 ) 


(2.3.2)  /  k±  am  t  eXP[2Tf,ref 


where  a  second  order  gas  phase  reaction  has  been  postulated 
to  occur  wholly  at  the  highest  temperature  T  (p.  29  of  Ref. 
82a)  and  A 


(2.3.3) 


x'  =  Bm 
di  M 


(Tf)5A 

(V)  V3  (Ts)7/8 


where  the  diffusional  mixing  rate  of  fuel  pockets  with  the 
surrounding  atmosphere  of  oxygen-rich  gases  is  assumed  to 
depend  on  the  surface  temperature  Tg(p.  31  of  Ref.  82a). 

The  two  constants  A„  and  B  are  determined  for  each 
propellant  by  the  best  fit  of  the  steady  state  burning  rate 
theory  to  the  measured  burning  rate  data  (p.  38  of  Ref.  29b). 
An  application  is  shown  in  Fig.  2  for  the  propellant  AP/PBAA 
No,  941.  In  the  spirit  of  fhe  GDF  theory,  it  is  further  as¬ 
sumed  (e.g.,  see  p.  33  of  Ref.  29b)  that  the  overall  solid 
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propellant  reaction  time  parameter  can  be  expressed  as  the 
following  simple  combination  of  the  two  above  limiting  cases: 


(2.3.4) 


This  relationship  was  shown  to  represent  the  pressure  depen¬ 
dence  of  the  burning  rate  quite  accurately  for  a  wide  range 
of  composite  propellants  (Ref.  82)  and  also  to  describe  the 
depressurization  extinction  correctly  for  composite  and,  to 
some  extent,  double  base  propellants  (Ref.  29) .  However,  it 
should  be  recognizee1,  that  the  whole  MTS  approach  depends  on 
the  arbitrary  assumption  of  Eg.  2.3.4  and  the  choice  of  the 
A^  and  constants.  Mow  this  choice  is  affected  by  the  fit¬ 
ting  procedure  mentioned  above  is  illustrated  in  Fig.  2 
(different  pressure  interval)  and  Fig.  3  (different  low  end 
of  the  pressure  interval). 


§  2.3.2  -  KTSS  flame 

According  to  KTSS  flame  model,  the  nondimensional  heat 
reedback  to  the  burning  surface  (Ref.  83)  is 


(2.3.8) 


Q 

R 


1-exp (  — R2t'd.  ) 


where  x'  .  is  an  average  nondimensional  diffusion  time  para¬ 
meter; 

R  is  given  by  a  power  pyrolysis  law,  typically . 

Notice  that  the  above  KTSS  heat  feedback  law,  derived  for  a 
di f f usionally  controlled  AP  flame,  is  a  particular  case  of 
the  MTS  heat  feedback  law  where 


x ' 

re 
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(2.3.6)  X' 
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2'3 


(T£)5/3 
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di 


that  is,  when  the  diffusion  time  parameter  is  much  larger 
than  the  kinetic  time  parameter  and  is  temperature  indepen¬ 
dent.  Extensive  experimental  investigation  (Ref.  82)  shows 
that  for  AP  propellant  flames  the  diffusional  mixing  is, 
indeed,  sensibly  slower  than  the  chemical  kinetics  as  long 
as  the  pressure  is  larger  than  say,  1  atm.  It  is  also  expected 
(Ref.  29 )  that  flame  temperature  undershoots  during  decele¬ 
rated  transients  slow  down  the  chemical  kinetics  much  more 
effectively  than  the  diffusional  mixing  (compare  Eq.  2.3.2 
vs  Eq .  2.3.3). 
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In  its  linearized  version,  the  nondimensional  KTSS  heat 
feedback  law  is  given  by 


(2.3.7) 


q 


g,s 


(T,R) 


Q 


Rx  ' 


di 


which  is  a  particular  case  of  xhe  full  expression  (Eq.2.3.5), 
when  the  further  assumption  is  made  that 


(2.3.8)  exp  (-R2  x£^ )  <<  1 

corresponding  to  x^ji  very  large  but  finite  burning  rate.  The 
constraint  of  Eq.  2.3.8  is  usually  valid  for  steady  burning, 
but  is  not  acceptable  in  extinction  transients,  since  under 
this  circumstance  R>0  while  x'  .  remains  finite  and,  there- 

c  di 

fore , 

exp  (-R2x^i)  ->  1  .0 

Note:  in  the  linearized  version  commonly  used,  the  nondimen¬ 
sional  KTSS  heat  feedback  law  is  written  as 


(2-3.9)  q  (T,R) 
y  /  o 


ij!?n 

~R~ 


Tn/W  +  H(T) 


Then,  by  comparing  Eq.  2.3.7  with  Eq.  2.3.9,  the  average  non- 
dimensional  diffusion  time  parameter  can  be  evaluated 


(2.3.10)  x'  =  -2- - _ 1__ 

ai  \p2n  ^n/w  +  H(T) 

An  essential  ingredient  for  both  MTS  and  KTSS  flame  models 
is  the  experimental  stationary  R(T) curve.  The  steady  state 
structure  of  the  MTS  and  KTSS  models  are  respectively  shown  in 
Fig.  4  and  1~"g.  5  for  the  propellant  AP/PB7\A  No.  941.  It  is  worth¬ 
while  to  remark  that  even  the  linearized  version  of  the  KTSS  mod¬ 
el  can  accurately  reproduce  the  experimental  stationary  R(T) .  A 
comparison  of  the  two  plots  shows  no  strong  difference  as  to  the 
steady  state  behavior  of  the  flame  models  under  examination.  Con¬ 
sider  now  the  quasi-steady  behavior  as  plotted  in  Fig.  6  (MTS 
model)  and  Fig.  7  (KTSS  model) .  It  is  obvious  that  the  linearized 
KTSS  model  is  physically  unrealistic  for  low  burning  rate. 

In  summary: 

(a)  stationary  or  small  perturbation  solutions  of  the  MTS  and 
KTSS  (even  linearized)  flame  model  are  similar  at  high  pres¬ 
sure,  since  in  these  instances  only  small  changes  in  tempera¬ 
ture  and  burning  rate  are  considered; 

(b)  at  low  pressure  and/or  low  burning  rate,  AP  flame  is  kineti- 
cally  controlled  arid  therefore  should  not  be  described  by 
the  KTSS  (even  nonlinearized)  model; 
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(c)  the  KTSS  linearized  model  can  never  predict  extinction 
because  the  heat  feedback  law  is  found  to  be  inversely 
proportional  to  the  burning  rate. 


5  2.3.3  -  KZ  flame 

According  to  1<Z  flame  model,  the  nondimensional  heat 
feedback  to  the  burning  surface  (Ref.  86)  is 


(2.3.11) 

where 
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is  a  nondimensional  mass  reaction  rate  per  unit  volume  (to  is 
measured  in  g/cm3s).  The  power  3  is  the  reaction  order  of  the 
overall,  one-step,  irreversible  kinetics  controlling  the  gas 
phase  heat  release.  Taking  into  account  the  quasi-steady  mass 
continuity,  one  can  write 


X  C  X  C  p 

(2  x  13)  -£  -3.  x  =  —  -2  _£ 
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where  x'  .  is  an  average  nondimensional  kinetic  time  parameter. 
The  heatKieedback  is  more  concisely  given  by 


(2.3.14)  <5 
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where  R  is  assigned  by  an  Arrhenius  pyrolysis  law  and  Z  is  a 
constant  to  be  evaluated  for  each  propellant. 

The  further  assumption  of  linearized  behavior,  i.e. 


(2.3.15)  exp  (-  R?-x'ki)  <<  1 


requiring  x ' .  very  large  but  finite  burning  rate,  was  invoked 
by  the  authors  (Ref.  86) .  In  the  version  commonly  used,  the 
heat  feedback  is 


(2.3.16)  A  (T,R) 

y  / 1> 


7  ^  A) 

J  R(x) 


Obviously,  the  same  comments  made  above  with  reference  to 
KTSS  linearized  flame  are  now  in  order.  The  authors  suggest 


to  evaluate  the  constant  Z  from  the  initial  (steady)  con¬ 
dition  of  the  burnina  transient  as 


(2.3.17) 


0.  +  H. 

Z  =  R2 

i  v  3 
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Remark  that  in  this  way  the  flame  model  is  not  able  to  re¬ 
cover  the  steady  state  results.  Although  the  authors  state 
that  the  difference  is  not  important,  this  is  embarassing. 
In  this  work,  a  different  approach  was  taken:  the  constant 
is  evaluated  at_each  pressure  in  such  a  way  that  the  expe¬ 
rimental  curve  R(T)  is  reproduced 


(2.3.18) 


Z  (V)  =  R2  (T) 


0  (T)  +  H 


Under  these  circumstances,  KZ  and  KTSS  linearj zed  flame  mod¬ 
el  are  found  to  bo  identical  from  the  point  of  view  both  of 
heat  feedback  and  burning  stability. 

The  KZ  heat  feedback,  derived  for  a  kinetically  control¬ 
led  AP  flame,  is  conceptually  a  particular  case  of  the  MTS 
heat  feedback  'when 


However,  from  a  physical  point  of  view  this  limiting  condi¬ 
tion  scorns  more  typical  of  DB  rather  than  AP-based  solid 
propellants.  In  any  event,  KZ  formalism  is  similar  to  KTSS 
since  both  models  assume  a  distributed  heat  release  of  uni¬ 
form  value  over  the  flame  thickness  Xf  (in  both  cases  the 
flame  is  supposed  attached  to  the  burning  surface). 


§  2.3.4  -  LC  flame 

According  to  I.C  flame  model,  the  nondimensional  heat 
feedback  to  the  burning  surface  (Ref.  87)  is 


E(/P 

where  E  5  — - — 

s ,  l  ef 

T 
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ASF.  (1  -  ;p - ) 

s ,  ref 

The  nv r o lysis  law  used  by  LC  is  a  generalized  version  of 
Arrhenius  expression  including  a  pressure  dependence  through 
t lie  power  n  (usually  n  ^0)  .  With  the  nomenclature  used  in 
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Ref.  87,  one  finds  for  Eq.  2.2.3a 


(2.3.20) 
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The  pressure  dependent  portion  of  the  heat  feedback  law, 
assumed  the  same  as  in  the  steady  state,  is  embodied  in 
Eq.  2.3.19  without  ever  specifying  what  the  dependency  is. 
Ki'SS  and  KZ  also  assumed  the  pressure  dependent  portion  of 
the  heat  feedback  law  to  be  the  same  as  in  the  steady  state, 
but  enforced  respect.i  vely  a  diffusion  and  a  kinetics  con¬ 
trolled  burning  mechanism. 

Both  KZ  and  LC  flame  models  were  derived  under  the  same 
constraint  (large  characteristic  times)  as  the  linearized 
KTSS;  they  are  subjected  to  the  same  limitations  of  appli¬ 
cability  as  well.  While  KTSS  and  LC  recover  the  steady  state 
burning  rate  dependence  on  pressure  when  transient  effects 
vanish,  KZ  does  not.  Although  differences  at  steady  state 
can  be  small  if  an  appropriate  choice  of  3  is  made,  this  is 
a  weakness  of  KZ  flame. 


§  2.3.5  -  Working  Map  for  Quasi-Steady  Gas  Phase 

A  useful  comparison  for  v/hat  follows  is  shown  in  Fig.  8, 
where  the  MTS  heat  feedback  (often  used  in  this  study)  and 
the  linearized  KTSS  heat  feedback  (commonly  used  in  the  li¬ 
terature)  are  plotted  together  in  the  range  10  to  50  atm 
(c^g,s  curves).  From  this  graphical  plot  one  observes  that, 
for^i  given  set  of  external  conditions,  two  steady  solu¬ 
tions  (reacting  configuration  A  and  unreacting  configura¬ 
tion  C)  are  found  for  the  MTS  model,  but  only  one  for  the 
linearized  KTSS  model  (reacting  configuration  A) . 


It  is  instructive  at  this  point  to  consider  the  work¬ 
ing  map  of  Fig.  9.  This  is  a  R  vs  qg,s(T,R)  plot  applicable 
to  any  flame  model.  In  Fig.  9  MTS  flame  was  implemented  un¬ 
der  the  indicated  conditions.  Isobaric  curves  describe  the 
heat  feedback  at  the  corresponding  pressure;  remark  that 
<5g ,  s  ( R=0 )  =  0.  Lines  at  constant  ambient  temperature  (for 
adiabatic  burning)  or  at  constant  radiant  flux  (for  O.^^O) 
describe  the  steady  heat  flux  absorbed  in  the  condensed  phase 


9,s 


(T,F  ,G  ) 
o  — °» 


R  <Ve-«)  +  R  H  '  (1"rX)Fo 


At  the  crossing  of  qg/S(k',R)  with  s  (V,F0, 0_co)  ,  steady  so¬ 
lutions  R  (T , Fq ,  0_ol )  vs  q0(S  are  singled  out.  Curves  qg^s(W,R) 
depend  on  the  flame  modeling,  curves  cjg  s  (T, F0 ,  ©_<*,)  depend  on 
external  parameters  only.  Two  steady  solutionis  are  found  for 
each  set  of  external  parameters:  the  trivial  R  =  0  (unreact- 


ing  state)  and  some  R  /  0  (reacting  state) .  For  quasi-steady 
gas  phase  transients  driven  by  dcradiation  for  example, the 
instantaneous  solution  in  time  runs  on  the  isobaric  curve  of 
interest;  only  when  a  steady  burning  configuration  is  reach¬ 
ed,  the  solution  will  stop  at  the  crossing  with  the  relevant 
"4g,s  curve.  Similar  remarks  hold  true  for  any  flame  model, 
except  that  the  unreacting  or  extinguished  state  R  =  0  is 
not  allowed  for  linearized  (in  the  sense  of  Eq.  2 . 3 .8  ) models . 

By  decreasing  ambient  temperature  and/or  external  ra¬ 
diant.  flux  (negative  values  of  1\,  imply  heat  loss  from  burn¬ 
ing  surface),  the  corresponding  R  (T,  F0 ,  o-«)  are  seen  in 
Fig.  9  to  become  lower  and  lower  at  any  pressure.  The  ques¬ 
tion  arises:  are  there  minimum  values  of  f,F  ,  and  0~»  be¬ 
low  which  R  /  0  is  not  allowed  or,  if  allowed,  is  unstable? 
This  would  assign  static  limits  to  burning  domain  of  the 
flame  model  under  consideration.  The  answer  for  decreasing 
heat  loss  is  shown  in  Figs.  31-33  (to  be  discussed  later): 
the  point  of  maximum  heat  feedback  roughly  corresponds  to 
the  minimum  allowed  s toady  burning  rate  at  any  given  pres¬ 
sure.  For  -  0.129  (zero  Kelvin),  it.  is  found  in  Fig. 10 

that  the  steady  solution  does  not  reach  this  minimum  (steady) 
burning  rate;  but  obviously  other  effects  would  come  .into 
play  at  low  ambient  temperature.  For  decreasing  pressure 
(with  adiabatic  burning  at  Q_cc,~  0) ,  a  steady  solution  is  al¬ 
ways  found.  However,  it  will  be  seen  in  this  report  that 
burning  instability  shows  up  defining  a  pressure  deflagra¬ 
tion  limit  P^;  this  wi.  11  require  further  analysis.  Remark 
that  so  far  no  constraint  whatsoever  has  been  placed  on  un¬ 
steady  burning. 

Burning  stability  properties  will  be  shown  to  be  strong¬ 
ly  affected  by  the  value  of  the  surface  heat  release.  For 
our  datum  case  (see  Tab.  1),  the  best  value  computed  from 
the  literature  is  Qs  =  -158.2  cal/g  (the  exothermic! ty  is 
due  to  the  primary  premixed  ammonia/perchloric  acid  flame 
occur ing  when  ammonium  perchlorate  decomposes) .  For  the 
MTS  flame, parametric  changes  of  Qs,  while  Tj(P)  is  kept 
fixed,  imply  to  evaluate  the  appropriate  set  of  and  I/y 
constants  for  each  value  of  Qs  in  order  to  maintain  the 
same  (experimental)  burning  rate  law  R(P).  Alternatively, 
one  can  use  just  one  set  of  Am  and  Bp  constants  (for  exam¬ 
ple,  that  corresponding  to  the  standard  value  of  Qs  --158.2 
cal/g)  and  consider  a  family  of  solid  propellants  whose 
burning  rate  R(P)  depends  on  Os  according  to  the  graphical 
plot  of  Fig.  11  (see  also  Tab.  2).  This  second  point  of 
view  w a s  adopted  in  this  report.  For  the  KTSS  flame  such 
a  problem  does  not  arise,  since  no  fitting  is  required. 

§2.3.6  -  Final.  Comments  on  Quasi-Steady  Gas  Phase 

The  modelling  approach  discussed  in  this  report, being 
of  rather  general  formulation,  can  be  specialized  to  any 
transient  burning  problem  within  the  basic  limitation  of 
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nond.imensional  thin  flames  of  thermal  character.  In  parti¬ 
cular,  dynamic  burning  associated  with  f a st depressuriza¬ 
tion  and/or  deradiation  can  be  studied.  The  range  of  vali¬ 
dity  is  essentially  established  by  that  of  the  flame  model 
Among  the  flame  models  reported  in  this  chapter,  the  most 
general  is  MTS  whose  range  of  validity,  with  the  formula¬ 
tion  given  in  Eqns.  2.3.1  -  2.3.4,  covers  1  to  100  atm 
(p.  27  of  Ref.  29c).  For  pressures  above  100  atm,  the  as¬ 
sumptions  of  monodimensionality  (condensed  and  gaseous 
thermal  waves  much  larger  than  burning  surface  roughness) 
and  condensed  phase  homogeneity  (condensed  phase  thermal 
wave  much  larger  than  mean  particle  size)  fail  for  MTS  as 
well  as  all  other  flame  models  considered  in  this  chapter. 
For  pressures  less  than  1  atm,  a  distended  NH3/IJCIO4  pre¬ 
mixed  flame  should  be  considered  in  MTS  flame ;  this  was 
done  by  Merkle  (pp.  49-53  of  kef.  29c)  but  is  not  reported 
here . 

Even  within  these  validity  limits,  from  a  rigorous 
point  of  view  extinction  (and  ignition)  transients  cannot 
be  described  by  quasi-steady  gas  phase  models.  Indeed, 
these  phenomena  care  intrinsically  unsteady.  However,  er¬ 
ror  due  to  applying  quasi-steady  gas  phase  assumption  is 
estimated  negligible  to  the  extent  in  which  the  gas  phase 
characteristic  times  are  small  with  respect  to  the  condon 
ed  phase  thermal  wave  characteristic  time. 

With  these  restrictions  in  no.nd,  one  can  pick  up  its 
favorite  pyrolysis  law  and  flame  model,  assign  the  wanted 
external  laws  T(t)  and  Fq(t),  select  the  appropriate 
optica],  model  and  thermal  properties  for  the  condensed 
phase,  enforce  the  correct  initial  conditions,  and  final¬ 
ly  numerically  integrate  the  PDE  of  ft],  2.2.2.  What  do  we 
get?  Trends  and  bounds,  but  no  predictions.  For  static  as 
we 1 1  as  dynamic  burning,  more  sophvst j cuted  analyses  are 
required.  This  is  discussed  in  next  section.  Nevertheless 
the  importance  of  numerical  approach  cannot  be  overlooked 
complete  burning  transients  cannot  be  evaluated  otherwise 
Several  transients  obtained  by  numerical  integration  will 
be  shown  later. 
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Sec.  2.4  -  AN  ORDINARY  D 1 1-'FKRrMTTAT.  HQUAV ION  FORMU LAT TON 

or  Tiii:  problem 

Basically,  the  mathematical  method  is  the  one  set  up 
for  the  first  time  by  Von  i’.arman  and  Polhauscn  in  the  stu¬ 
dy  of  boundary  layers  and  later  generalized  by  Goodman, 
among  others,  to  a  targe  number  of  .thermal  problems,  'i'ho 
method  can  be  extended  to  any  other  problem  described  by 
nonlinear  PDF  of  parabolic  type.  In  our  case,  the  approach 
consist  s  in  defining  a  parameter  F.  ( r),  called  the  pene¬ 
tration  distance  of  the  thermal  v;avo  in  the  condensed  pha¬ 
se,  "such  that  for  X  £  S  (t )  the  propellant  slab,  for  nil 
practical  purposes,  is  at  an  equilibrium  temperature  and 
there  is  no  heat  transferred  beyond  this  point"  (p. 53  of 
Ref. 78  ).  The  evolution  in  time  of  the  thermal  profile  in 
the  condensed  phase?  is  obtained  by  foilovrina  the  time  Hi¬ 
story  of  the  penetration  distance:  propagating  into  an  ini¬ 
tially  uniform  temperature  field.  Within  this  penetration 
layer,  progressing  in  time,  the  qualitative  space  distribu¬ 
tion  of  temperature  is  assumed  known  a  priori. ;  but  we  ma¬ 
ke  sure  that,  in  so  doing,  the  integral  balance  of  thermal 
energy  in  the  condensed  phase  is  preserved.  In  other  words, 
the  price  to  be  paid  for  .making  the  transformation  from 
PDE  to  ODE  formulation  is  an  approximate  solution  of  the 
local  space  distribution  of  temperature;  this  is  not  such 
a  serious  drawback  because  r.he  .interest  is  in  the  time  evolu¬ 
tion  of  the  surface  temperature,  in  any  event,  several  inve¬ 
stigations  found  an  error  of  only  some  percents  for  various 
cases  in  which  both  the  exact  and  the  integral  solutions 
wore  evaluated.  For  example,  see  rig.  5  on  p.  89  of  Ref.  78 
showing  the  temperature  time  history  at.  the  surface  of  a 
semi-infinite  slab  with  triangular  surface  heat  flux. 

In  order  to  get  a  deeper  understanding  of  questions 
related  to  the  integral  method  as  applied  to  thermal  pro¬ 
blems,  the  interested  reader  might,  wish  to  consult  the  ex¬ 
cellent  review  by  Goodman  (Ref. 78)  and  the  references  given 
there.  Before  getting  involved  in  mathematical  details,  the 
reader  should  bo  warned  about  the  limits  of  the  integral 
method.  Any  solution  obtained  by  the  integral  method  con¬ 
tains  hopefully  small  but.  irrevocable  errors  in  the  final 
numerical  results.  The  question  of  how  to  improve  the  accu¬ 
racy  then  arises.  It  has  been  argued  that  "there  is  no  a 
priori  guarantee  that  increasing  t  he  order  of  the  polynomial 
(used  to  represent  the  space  distribution  of  the  unstoaay 
temperature  profile)  will  improve  the  accuracy.  Although 
the  accuracy  is  frequently  improved  with  this  technique, 
it  can  be  demonstrated,  nonetheless,  that  there  arc  cases 
for  which  it  actually  worsens"  (p.9G  of  Ref . 78  ).  In  this 
same  reference  it  is  suggested  that  the  method  of  weighted 
residuals  provides  a  very  efficient  method  for  improving 
the  accuracy  of  the  results  obtained  by  using  the  integral 
method. 
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Tho  simple  integral  method  implemented  in  this  work  can 
be  considered  a  special  case  of  the  mcLhod  of  weighted  resi¬ 
duals  when,  just  one  parameter  (the  penetration  distance  ;J 
and  one  weighting  function  are  considered.  Under  these  cir¬ 
cumstances,  the  only  equation  to  be  considered  is  the  heat 
balance  integral  (sec  below).  Since-  tho  integral  method  as¬ 
sumes  a  uniform  initial  distribution  of  temperature,  a  new 
nondimensional  variable  is  defined: 


(2.4.1)  u(X,t)  0(X)  -  o(::,t) 


where 


(2.4.2) 


0(X) 


0  + 


xr 
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Xs<0 


X  ,<  0 


is  the  initial  steady  state  distribution  of  temperature  and 
0(X,t)  is  the  temperature  distribution  following  some  per¬ 
turbation.  The  new  variable  u(X,x)  may  therefore  be  conve¬ 
niently  interpreted  as  the  finite  temperature  disturbance 
propagating  inside  the  condensed  phase  and  superimposed  on 
tho  .initial  tempo ra tu re  distribution  after  the.  action  of  per¬ 
turbation.  At  the  initial  instant  r~0,  by  definition 
0(X,t)  ~  0(X)  and  u(X,x)  -  0.  Suppose  now  that,  in  the 
following  .instant,  a  perturbation  starts  acting  on  the  system 
and  makes  u(X,x)  f-  (>  :  the  goal  of  the  analysis  is  to  de¬ 

termine  tho  ultimate  effect  of  such  a  temperature  disturbance 
after  waiting  a  period  of  time  sufficiently  long  for  the  per¬ 
turbation  to  disappear.  No  assumption  whatsoever  is  made  as  to 
the  size  of  the  temperature  disturbance. 

The  analysis  will  be  restricted  to  the  case  of  an  optical¬ 
ly  opaque  propellant,  in  the  sense  that 

(ac/7)/  (1/a^)>>1  , 

at  constant  (not  necessarily  reference)  ambient  temperature  ? 
The  basic  set  of  nondimensional  equatii ns  for  an  optically  opa¬ 
que  propellant  (N(-0),  initially  burning  with  constant  rate  R 
at  const  ant.  pressure  T ,  while  subjected  to  a  radiant  flux  of 

constant  intensity  F  ,  is 
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where  R(t)  is  the  burninq  rate  defined  bv  any  appropriate  py¬ 
rolysis  law  and  (A„/Ac)  ( :.<>/3X)  CJ  ,  s  qf,  ,  sCj’ ,  R)  j ;;  tte  heat 
feedback  law  defined  by  any  appropriate  flame  model,  in  terms 
of  the  disturbance  temperature  u(X,t),  the  set  of  equations 
is : 
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Notice  that  at  the  initial  instant  r~0,  the  surface  energy 
balance  is 
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Therefore,  BC1  of  Eq .  2.4.4  can  also  be  written  as 
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S  S  I  | 

-<  I 


The  transformation  into  an  ODE  of  the  PDE  of  Eq .  2.4.4, 
with  BC1  given  by  Eq.  2.4.8,  can  be  performed  by  assuming  a 
polynomial  dependence  oi  the  disturbance  temperature  on  the 
space  variable: 


(2.4.9)  u (X, t)  -  I<  (t)  +  K,  ( i)  X  +  K0(  t)X:-+  _ K  (x)X11 

0  12  n 


Comments  about  the  implications  of  this  particular  thermal 
profile  are  given  below.  The  above  n+1  coefficients  K. (x)are 
to  be  determined  from  the  boundary  conditions  which  express 
no  disturbance  (up  to  the  (n-l)-th  derivative)  at  the  cold 
end  of  the  penetration  depth  and  the  energy  balance  at  the  hot 
boundary  of  the  penetration  depth.  With  our  formulation  this 
impl ies : 


(2.4.10)-'  3. 

I 


n" 1 

n+1.  --j-ry  (X  =  Xp,x)  =0 

a>r  & 

where  X£=  -F;(x)  is  the  penetration  distance  to  be  obtained 
below.  After  a.l  gebra  i  c  manipulations,  one  obtains  for  the  un¬ 
known  profile  of  the  disturbance  temperature 

U(X,T)  -  (U,)  E  (,  +X)  , 

n  h 

For  X  =  0  one  obtains  at  the  burning  surface 


u(X  =  0,x)  =  u.  =  (ux)c  s  f 
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from  which  the  unknown  penetration 


depth  can  be  expressed  a.-; 


(2.4.11)  E(t) 


n 


u 

s 


(li  ) 

X  C  t 


The  disturbance  temporal ui o  profile  is  then  qivon  by 


(2.4.12)  u  (X,x)  -  ue  (  1  +  *  I" 


M  <  b(0 


where  u.;  (T)  i  s  tlr-  unknown  se.;  f  ir. >  temporal urc  distui  Ivor,.  ••  •  t  o 
bo  determined,  it  is  obvious  from  Ihe  above  re  1  at  ion:;;:  i  p  that 
the  time  history  of  the  disturbance  temporal  urc-  is  rest  rioted 
to  disturbance  thermal  .profile's  mono  ton  tea  !  !y  decay  inn  in 
space .  Indeed  ,  there  is  no  wav  foi  lain  po  l.\ nr  r.i  i  a  .1  oiolilo 
to  accommodate  an  inflect  ion  point  .  The  difficulty  may  bo 
overcome  by  "  a  .1  i  owi  nq  a  new  penet’ait  ion  depth  to  brain  oro  pa¬ 
pa  t  j  nu  at  each  maximum  or  mini muni"  (p.  96  of  Ref.  78)  of  the 
heat  input  into  t  he  condensed  phase.  However,  this  procedure 
will  not  prove  necessary  here,  si  nee  testing  both  the  static 
and  dynamic  stale  i  it.  y  dot's  not  requi  re  a  do  Lai  .led  know. I  edge 
of  tlie  structure  of  the  thermal  profile. 

A  space  xnt.eqraL.Lon  can  now  be  performed  over  X  from 
0  to  -  t,  ( T )  of  tlie  POL: 


(2.4.13) 


d_ 

dt 


-g(r) 


u(X,x)dX  R  u  —  (u.,)  ,  „ 

S  A  C ,  b 


-RA  (0) 


da 

<  A  (dX> 


o 


where 


f 


A  (0)  -  0(X"0  )  -  0(X  =  -£) 


(2.4.14) 


.do.  do  .  n  .  do  _ 

A  dX  cLX  (  X  0  )  ~  dX  (a  ~~ 


beinq  f.  ( x )  defined  by  Eg.  2.4.11.  Upon  substituting  the  ap¬ 
proximate  disturbance  temperature  profile  described  by 
Eg.  2.4.12,  the  following  differential  expression  is  obtained: 


d 
cl  i 


o 

ir 


(u  ) 

X  c ,  s 


rdj 

n 


R  u  -(u  ) 
s  x 


c,s 


R  A  (0) 


+  A  ( 


(2.4.17) 
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(2.4.16) 


Since  (u  )  =  f(u  (x);  1’  (r)  )  ,  one  obtained  from  Eq . 

2.4.8'  ° 


d  (u  )  du 

X  C,S  i 


UX 


dr 


f'  .  (u  )  1  ...  h  (P  )  i 

i  X  c,s  i  +  O.'.  ,  _  q_,s  • 

3 «  !  di 

S  I 

w,f 

o 


u 

1  s 


iJF 

^  dx2 


For  ex amp]  e ,  the  time  derivative  of  the  thermal  gradient  at. 
the  condensed  phase  side  may  he  explicitly  written  as 


(2.4.17) 


d  (u  )  du 

x  c,s  _  _ s 

dx  ’  dx 


cf  f  x  q 


fx  /Mu  ,  \  d(R  »rerO^-1)(1-<s  +  uc),  +qj) 


c; 


Hu 


M  )  +  J 


s  /V 


du 


A  3  (u  )  di’ 

+  .3.  ^  / _ 2L 5Lt£l >  -  M-.r)  . SI 

A  dx  Ft  '  u  a  dx 

c  s 


which  can  be  evaluated  once  a  flame  model  has  been  chosen  and 
the  laws  V (x)  and  Fc(x)  have  been  externally  assigned.  By  de¬ 
rive  ting  /  one  obtains  from  Eqs.  2.4.15  and  2.4.16 


(2.4.18) 


(u  )? 

X  C  t  .s 


du 

du  I 

2  u  — —  (u  ) 

n 

~  U‘ 

-rs  1 

s  dx  x  c,s 

s 

1 

L  ll 

r »  (uv> 


X  c,s 


-  <n>  i! 


n+1 

n 


Hu  -  (u  )  -  H  A (0)  +  A (t-S) 

s  x  c,s  OX 


3x  I  3W 


,d(). 


JF  ,  u 
o' 


Finally,  the  following  nonlinear  OOF  for  the  time  dependent  sur¬ 
face  temperature  disturbance  is  obtained: 

H(0)  +  A(~) 


du 


(u  ) 

X  c,s 

Hu  - 
s 

-  (u  ) 
x  e,s 

u 

s 

«  1 

u 

s 

‘  2 

(V  c,s 

r  3  (u  ) 

X  c,  s 

3u 


W,F. 


(2.4.19) 


di' 

dx 


3  (U 


x_c.  s 
3 'l1  ~ 


F  ,u 
1  o  s 


dF 

-  -d 


(u ) 

■ 3  (u  )  „  i 

n  X  c,s 

X  c,s  • 

u 

3u  1  ^ 

with  u  (x  -  0)  =  C 
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v.'hich  is  approximately  equivalent  to  the  initial  Pltti-bouneur y 
conditions  formulation.  Notice  that  in  the  above  equation 
0 ( X )  ■  is  known  (see  Eq .  2.4.2)  and  that  only  the  surface  tem¬ 
perature  appears. 

The  above  nonlinear  Obi;  in  the  unknown  up(  t)  describes 
the  response  of  the  system  to  a  finite  size  departure  of  the 
surface  temperature  from  the  stationary  vaJue  due  not  only  t o 
intrinsic  perturbation  sources  acting  on  the  system  (static 
stability),  but  also  to  any  arbitrary  but  external ly  assigned 
monotonieal  change  in  time  of  controlling  parameters  such  as 
pressure  and  radiant  flux  (dynamic  stability) .  If  one  wishes 
to  know  the  whole  temperature  profile,  he  has  only  to  substi¬ 
tute  us(t)  in  Eq .  2.4.12,  evaluate  £(x)  from  Eq .  2.4.11  with 
the  help  of  Eq.  2.4.8,  and  then  use  the  us(x)  definition 
(Eq.  2.4.1)  in  order  to  determine  the  resultant  temperature 
profile . 

Considerations  of  a  general  character  on  the  static  sta¬ 
bility  of  the  system  described  by  Eq.  2.4.19  can  now  be  made. 

A  given  equilibrium  configuration  of  the  system  is  asymptoti¬ 
cally  stable  it 

Us(T)>0  j 

or  y  for  x  ->  •«> 

0(X,t)  >0(X)  ! 

> 

In  other  words,  the  system  is  (asymptotically)  stable  if  the 
disturbance'  disappears  at  large  time  and  the  system  returns 
to  its  initial  steady  conf igura tion .  Following  Lyapunov  (p.21C> 
of  Ref.  88),  Eq.  2.4.19  can  be  written,  in  a  more  concise  way, 
as 


(2.4.20) 


where 


du 

-T--  -  -  f  (u  )  +  g  (r,u  ) 
dx  s  J  s 


u  (x-  0)  =  0 
s 


V 


(2.4.21)  f (u  ) 


(u  )  e  RU  -  (u  )  -  R  A(0)  +  A (“) 

n+  I  X  (  f  S  X  C  r  &  CIA 


2n 


n 


.  1  us  PMc.s 

2  Vc,s 


dU 


W,F 


is  the  autonomous  (i.c.,  time  independent)  contribution , and 


dT 

rZ(u  ) 

X  c,s 

_ 

F  u  A  dT 

dx 

3T 

-  J 

o'  s 

(u 


X  c,s 


n  (u  ) 

X  c,s 


au 


s  J  t,  F 


o 


is  the  nonautonomous  (i.c-.,  time  dependent)  contribution. 
If  no  forcing  function  is  acting  on  the  system,  i.c*. 


T  =  cost 


then  Eq.  2.4.20  reduces  to 


F  =  cost, 
o 


(2.4.23) 


-  f(us) 


by  which  the  autonomous  contribution  assumes  the  meaning 
of  a  static  restoring  function.  Indeed,  under  these  circum¬ 
stances,  one  can  think  of  Lho  chemically  reacting  system 
comprised  of  the  def lagrating  condensed  material  as  analog¬ 
ous  to  a  mass-spring  type  of  mechanical  system  which  the  non¬ 
linear  characteristic  f(u3).  Considering  the  us  (r)  definition 
of  Eq.  2.4.1,  Kq.  2.4.20  can  also  be  written  as 


(2.4.24) 


c nr  "  f(0s  ~  V  "  g(T'  es  ~  °s) 


0  (t  =  0)  =  0 
s  s 


The  static  restorin'.'  function  f(0s  -  0S)  depends  on  the 
nature  of  the  def iagratin  i  substance  but  not  on  its  burning 
history;  however  it  is  af looted  by  the  operating  conditions 
(pressure,  ambient  temperature,  and  heat  exchange  with  envi¬ 
ronment),  flame  model,  and  approximating  polynomial  order. 

The  nonautonomous  term  g(r,os  -  OcJ  chanqes  in  time  according 
to  the  first  derivatives  of  the  external  controlling  parame¬ 
ters  (sec  Eq.  2.4.22);  however  it  is  not  affected  by  the 
choice  of  the  approximating  polynomial  order.  The  static  re¬ 
storing  function,  being  a  property  of  the  deflagrating  sub¬ 
stance,  can  be  examined  a  priori  (see  next  section)  indepen¬ 
dently  on  any  specific  burning  process.  On  the  contrary,  no¬ 
thing  can  be  said  a  priori,  for  the  nonautonomous  term.  Never¬ 
theless,  the  following  important  remark  can  be  made  immedia¬ 
tely.  The  final  outcome  of  a  burning  process  is  controlled 
only  by  the  static  restoring  function  when: 

(1)  no  forcing  function  is  acting  (static  stability);  see 
Sec .  2.6. 

(2)  forcing  functions  monotonical ly  change  in  time  from  some 
initial  to  some  final  value  (dynamic  stability);  e.g., 
depressurization  or  deradiation;  see  Sec.  2,7. 

(3)  forcing  functions  are  of  arbitrary  shape  but  level  off 
in  time  (dynamic  stability;  e.g.,  pressure  or  radiation 
pulses;  see  §  2.7.4). 
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Sec.  2.5  -  NATURE  OE  THE  STATIC  RESTORING  FUNCTION 


The  static  restoring  function  is  an  algebraic  nonlinear 
function  strictly  dependent  on  the  nature  of  the  burning  pro¬ 
pellant  (including  the  specific  way  its  flame  in  described, 
i.e.  the  flame  model  implemented , and  the  order  of  the  approx¬ 
imating  polynomial  used  in  See.  2.4)  and  the  operating  condi¬ 
tions.  Before  examining  quantitative  plots,  consider  the  qua¬ 
litative  plots  of  Fig.  12a  and  Pig.  12b.  This  allows  to  ex¬ 
tract  too  basic  properties  of  the  static  restoring  function 
independently  of  the  flame  description.  It  is  anticipated 
that  the  heat  release  at  the  surface  of  the  propellant  is  the 
most  influential  parameter  raj  the  shape  of  the  static  re¬ 
storing  function. 

§  2.5.1  -  Qualitative  Remarks 

Consider  the  qualitative  plot  of  Fig,  12n.  According  to 
Eq.  2.4.24,  when  no  forcing  function  is  acting  on  the  system, 
all  the  points  (algebraic  roots)  for  which  ffv.f.  -  f„)  -  0 
define  possible  equilibrium  configurations  for  the  burning 
propellant,  since  they  correspond  to  dOs/dx  *  0.  If.  is  seen 
in  Fig.  12a  that,  in  addition  to  the  trivial  0S  ~  u  (unburn¬ 
ing  propellant,  root  C) ,  two  more  equilibrium  solutions (roots 
A  and  B)  arc  allowed,  in  general,  for  a  given  set  of  parame¬ 
ters.  Let  us  consider  the  equilibrium  configuration  corre¬ 
sponding  to  root  A.  Suppose  that,  for  some  unspecified  reason, 
the  burning  rate  or  the  surface  temperature  increases  a  finite 
amount;  then  the  burning  propellant  is  no  longer  in  a  statio¬ 
nary  configuration,  uOs/d  c  -  f  (0S  -  l's)  is  negative,  and  the 
system  reacts  by  decreasing  its  surface-  temperature.  Conver¬ 
sely,  if  for  a  unspecified  reason,  the  surface  temporal ure 
of  a  propellant  burning  according  to  the  configuration  of 
root  A  decreases , the  propellant  reacts  by  increasing  its  sur¬ 
face  temperature.  These  movements,  around  point  A,  are  indi¬ 
cated  by  arrows  in  Fig.  12a.  It  is  concluded  that  the  equili¬ 
brium  configuration  corresponding  <  "oot  A  is  stable  because, 
when  disturbed,  the  propellant  always  moves  back  toward  A.  By 
the  same  arguments,  if  is  concluded  that  the  equilibrium  con¬ 
figuration  corresponding  to  root  B  is  unstable;  any  distur¬ 
bance  yields  movement  away  from  the  point.  Therefore,  in 
steady  state  experiments,  only  solution  A  is  observed. 

If  the  set  of  parameters  is  changed,  for  example  the 
pressure  is  increased  from  P  to  P-|  ,  the  initial  condition  of 
the  ODE  (sec  Eq.  2.4.2)  is  changed  so  that  a  now  pair  of  roots 
A-]  and  B-|,is  found  in  addition  to  the  trivial  0S  =  0  of  root  C 
Again,  root  Ai  defines  a  stable  equilibrium  configuration, 
while  root  B-|  defines  an  unstable  equilibrium  configuration 
corresponding  to  the  new  set  of  parameters.  Likewise,  a  new 
pair  of  loots,  A2  and  B2,  in  addition  to  the  trivial  Qs  =  0 
of  root  C,  .is  found  if  the  pressure  is  decreased  from  P  to  P2. 
It  follows  that  the  •  s  axis  in  Fig.  12a  includes ,  in  addition 
to  the  trivial  solution  of  nonburning  propellant  at  the  root 
C,  a  .segment  of  stable  solution  Ay  and  a  segment  of  associat¬ 
ed  unstable  solution  By  (each  pair  of  roots  corresponds  to  a 
given  set  of  parameters) .Further  effects  noticeable  in  Fig. 12a 
will  be  discussed  later. 
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It  should  bo  explicitly  observed  that  the  trivial  h,.=0 
solution  may  be  obtained  only  if  the  exponential  Arrhenius-typo 
pyrolysis  law  for  mass  production  at  the  surface  is  dropped 
(see  Eg. 2 . 2 .  The  trivial  solution  implies  that  no  external 

energy  source  (c.g.,  radiation)  is  acting  on  the  solid  propel lan i.  . 

The  qualitative  picture  of  Fig.  12a  illustrates  the  general 
behavior  of  the  static  restoring  function  when  the  pressure  is 
varied  parametrically  at  fixed  ambient  temperature  and  surface 
heat  release.  The  behavior  of  the  static  restoring  function  when 
the  surface  heat  release  is  varied  on rji  ictrica 1 1 y ,  at  fixed  am¬ 
bient  temperature  and  pressure,  is  illustrated  by  the  qualitati¬ 
ve  picture  of  Fig. 12b.  Of  coiu  so ,  all  previous  considerations 
hold  true.  For  example,  when  the  surface  heat,  release  is  low 
enough  (in  a  sense  which  will  be  better  understood  below) ,  the  pro¬ 
pellant  behaves  again  according  to  the  static  restoring  function 
represented  by  curve  CBA  (Fig.  12b).  However,  for  increasing  va¬ 
lues  of  the  surface  heat  release,  it  is  found  that  the  static 
restoring  function  is  represented  by  curve  CB/.A1n,.E..  This  is 
rather  surprising;  in  principle,  there  are  now  five  potential 
equilibrium  configurations. 

Based  on  the  previous  analysis,  however,  it  is  immediately 
recognized  that  C  is  the  stable  equilibrium  solution  for  the  un¬ 
reacting  state  (trivial  solution).  Further  discussion  is 

required  to  understand  the  nature  of  the  remaining  four  roots. 

This  is  easily  accomplished  by  considering  the  steady  state  e- 
nergv  balance  of  the  overall  combustion  wave .  For  example,  the 
graphic  plot  of  Fig.  9  shows  that  for  each  set  of  parameters 
only  one  solution  exists  for  the  reacting  state.  Conventional" 
ly.  Ceil  1  A  that  particular  root  of  Figs.  12a  and  12b  corre¬ 
sponding  to  the  energy  balance  solution  of  Fig.  9.  It  follows  that 
roof.  E,j  ,  although  stable  according  to  Lyapunov,  is  eliminated 
as  being  a  reacting  equilibrium  solution.  In  other  words ,  root 
E..  is  a  false  equilibrium,  solution  introduced  by  the  approximate 
ODE  formulation  of  the  problem.  The  remaining  roots  3^  and  D1  arc, 
then,  both  unstable  equilibrium  solutions  for  the  reacting  sta¬ 
te  . 


For  further  increase  of  the  surface  heat  release,  it  is  ob¬ 
served  that  A-  and  D-type  roots  respectively  increase  (moving 
to  right)  and  decrease  (moving  to  left)  in  the  plot  of  Fig.  12b, 
until  coalescence  and  then  crossing  over  occur  with  exchange  of 
stability  character.  This  important  point  will  be  discussed  in 
detail  later  (see  Sec.  2.6).  For  further  increasing  of  the  surfa¬ 
ce  heat  release,  B-  and  D-type  roots  disappear  after  coalescence, 
while  both  A2  and  roots,  for  different,  reasons,  are  eliminated 
as  being  stable  reacLLng  solutions  (curve  CA^E^  in  Fig.  12b). 

Under  these  circumstances,  it  follows  that  the  only  allowed  solu¬ 
tion  is  the  trivial  unreacting  configurations  represented  by  root 
C.  Any  attempt  to  produce  a  stationary  combustion  wave  with  a 
static  restoring  function  of  type  CA F 1  will  inevitably  result 
in  extinction.  This  type  of  cxtinctionV  however,  cannot  be  quali¬ 
fied  as  ''dynamic".  Similar  behavior  is  observed  in  Fig.  12a  for 
decreasing  pressure  at  constant  Qs . 
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_  Quantitative  plots  of  the  static  restoring  functioh. 
f  (0£  -  Or;)  vs  the  nondimensional  surface  temperature  ot. 
are  given  for  the  propellant  AP/PBAA  ho.  941.  A  quantita¬ 
tive  plot  requires,  the  choice  of  a  specific  flame  model 
and  a  specific  ora or  of  the  approximating  polynomial  .(see 
Sec.  2.4).  By  applying  different  flame  models  to  the  same 
propellant,  different  stability  properties  are  predicted: 
this  offers  a  critcrium  for  discriminating  potentially 
good  from  bad  flame  models.  In  this  work  MTS,  RTSS  (both 
linear  and  nonlinear),  KZ ,  and  LC  flame  models  are  imple¬ 
mented.  As  to  the  order  of  the  approximating  polynomial,  : 
a  cubic  law  was  chosen  to  represent  the  space  distribu¬ 
tion  of  the  disturbance  thermal  profile.  This  choice  was 
suggested  by  a  large  body  of  literature  on  heat  transfer 
problems  (e.g.,  Ref.  78)  and  by  similar  solid  propellant 
rocket,  problems  (Refs.  79  -  80).  However,  there  is  no  a 
priori  guarantee  that  is  the  best  (and  even,  simply,  a 
good)  choice.  The  choice  has  to  be  verified,  somehow. This 
is  shown  in  Sec.  2.7. 

5  2.5.2  -  Effect  of  Operating  Conditions 

"  — — —  ~ 

Plots  obtained  implementing  MTS,  KTSS  nonlinear, 

KTSS  linear  (or,  equivalently,  1,C  or  KZ  with  an  appropriate 
choice  of  the  associated  constant  as  suggested  in  §  2.3.3) 
flame  models,  with  a  cubic  disturbance  thermal  profile, 
are  respectively  shown  in  Figs.  13-18,  Figs.  19-20,  and 
Fig.  21.  MTS  flame  v/as  applied  by  assuming  a  combined  ex¬ 
ponential-power  pyrolysis  law  at  the  burning  surface  (see 
Eqs .  2.2.3,  with  0j_=0 .15  and  Q  =0).  KTSS  flame  was  applied 
by  assuming  a  power  pyrolysis  Taw  (see  Eq.  2.2.3b,  with 
w=6  and  (),u=0)  over  the  whole  range  of  surface  temperature 
of  interest.  Comparative  results  are  shown  in  Fig.  22,  for 
some  standard  operating  conditions,  leading  to  the  conclu¬ 
sion  that  MTS  is  perhaps  the  best  flame  model  but  KTSS  non¬ 
linear  is  r.trongly  competitive;  KTSS  linear  (or  LC  or  KZ  in 
the  appropriate  form)  yield  identical  results.  The  effect 
of  the  order  of  the  approximating  polynomial  for  the  dis¬ 
turbance  thermal  profile  is  shown  in  Figs.  23-26  for  MTS 
flame  only.  The  effect  of  the  specific  heat  ratio  CCT/Cc?'1 
is  described  in  Fig.  27  (quasi-steady  working  map) And  Fig. 
28  (static  restoring  function). 

The  effect  of  ambient  pressure  on  the  static  restor¬ 
ing  function  vs  the  nondimcnsional  surface  temperature  is 
illustrated  in  Fig.  13  for  the  indicated  set  of  parameters 
(MTS  flame  and  n-3);  further  effects  due  to  the  combined 
action  of  pressure  and  surface  heat  release  will  be  dis¬ 
cussed  successively.  An  increase  of  pressure  implies  an 
increase  of  the  stable  equilibrium  surface  temperature, 
but  a  less  pronounced  increase  of  the  unstable  equilibrium 
surface  temperature.  The  strength  of  the  stability  (see 
Sec.  2.6)  is  enhanced  by  an  increase  of  pressure.  Similar- 
comments  hold  true  as  to  the  effect  of  external  radiant 
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flux  on  the  restoring  function  (Fig.  14).  It  is  important, 
however ,  to  note  that  s.n  .increase  of  external  radiant  flux 
decreases  the  unstable  equilibrium  surface  temperature  and 
above  a  certain  value  of  radiant  flux  intensity  (e.g., 

4  0  cal/cm'-s  for  the  set  of  parameters  in  Fig.  14)  no  more 
unstable  solutions  are  found.  This  implies  that.,  in  princi¬ 
ple  (sec  Sec.  2.7),  at  each  pressure  a  minimum  value  of 
external  radiant  flux  intensity  exists  above  which  the  dy¬ 
namic  boundary  can  no  longer  be  defined. 

The  effects  of  surface  heat  release  (Figs.  15a  and 
15b)  are  more  involved.  Note  that, for  increasing  values  of 
surface  heat  release,  the  behavior  of  the  static  restoring 
function  shifts  from  a  CBA-typc  (see  Fig.  15a)  curve  for 
Qr>=- 150  and  -153.2  cul/g,  to  CBADE  (see  Fig.  15b)  for 
Qs=-170  and  -180  cal/g,  and  to  CBDAE  for  Qs--200  cal/g, with 
A-D  roots  coalescence  occuring  at  Qs=-190  cal/g.  This  im¬ 
plies  that  at  30  atm  the  propaJlant  will  show  not  only  dy¬ 
namic  stability  effects  in  the  low  range  of  surface  tempe¬ 
rature  (root  B  in  Fig.  15a)  but  also  dynamic  and/or  static 
stability  effects  in  the  large  range  (roots  D  and  E  in 
Fig.  15b).  Similar  behavior  is  observed  at  10  atm  (see 
Fig.  16),  with  A-D  roots  coalescence  occurring  at  Q  =-170 
cal/g.  It  is  concluded  that  at  each  pressure  a  critical 
value  of  exists  above  which  instability  of  the  burning 
propellant^wi  11  shov;  up;  the  critical  value  of  |QS|  increases 
with  pressure.  This  trend  is  confirmed  in  Fig.  17  showing 
that,  for  the  standard  value  of  Qs=-158.2  cal/g,  A-D  roots 
coalescence  occurs  at  6  atm.  This  combined  effect  of  pres¬ 
sure  and  surface  heat  release  is  of  major  importance;  more 
detailed  analyses  will  be  carried  out  in  See.  2.7. 

The  effects  of  ambient  temperature  (Fig.  18)  are  of 
little  interest  in  the  range  investigated. 

§  2.5.3  -  Effect  of  Flame  Models 

Similar  trends  are  observed  for  the  nonlinear  KTSS 
flame  model ,  again  with  n~3.  The  effect  of  ambient:  pres¬ 
sure  in  Fig.  19  is  very  close  to  that  found  with  MTS  (cf. 
with  Fig.  13);  minor  differences  are  found  in  the  region 
near  the  statically  unstable  root.  The  same  comments  hold 
true  as  to  the  effect  of  surface  heat  release  (Fig.  20) . 

Drastically  different  results  are  observed  for  the 
linear  KTSS  (or  KZ  or  LC)  flame  model,  always  with  n=3. 

The  effect  of  ambient  pressure  in  Fig.  21  is  virtually 
the  same  (as  compared  both  to  MTS  and  KTSS  nonlinear) 
for  surface  temperature  about  or  larger  than  the  steady 
state  value,  but  is  physically  meaningless  for  surface 
temperature  less  than  about  90%  of  the  steady  state  value 
(no  zero  solution  and  no  unstable  root) . 

The  static  restoring  functions  for  the  three  flames 
are  plotted  simultaneously  in  Fig.  20,  always  with  n=3, 
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for  the  standard  condi lions  specified  in  the  figure  (P-30 
at:n,T_,.,-300  K,  Qs---158.2  cal/y,  adiabatic).  The  co.;;ps/.i  ..-on 
graphically  emphasises  the  differences  just  mentioned.  The 
linear  Ki’SS  ('or  LC  or  KZ)  are  discarded  from  being  in 
principle  acceptable  flame  node  Is,  the  nonlinear  KT.SS  is 
acceptable  for  most  of  the  surface  temperature  range  of 
values  (except  near  extinction,  since  chemical  kinetics 
is  not  considered),  MTS  flame  is  in  principle  acceptable 
over  the  whole  range  of  surface  temperature  of  interest . 


5  2.5.4  -  Effect  of  Polynom .i .  ■ 

The  effect  of  the  order 
ing  the  ding-urbane  thermal  p 
ing  funel-.i  on  is  illustrated  :i. 
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the  surface  temporal  are  assoc 
i  ng  solution  slightly  .i  never  s. 
values,  can  be  be’ tier  asp:  erj  a 
tun1  face  t  -.perat  u  -c  as-uoci  are 
•>f  less  i.  i ;  a  a  1  0  h  whew  n  decie 
rgpar  dyn.  ’  i  c  stab.i  1 L  by  (see 
creasing .  This  point  will  be 
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of  the  polynomial  approxlmat- 
rofilo  on  the  static  res  tor- 
n  Fig.  2  3  (P-10  aim)  r  Pig.  24 
)  and  Fig.  26  (P-40  atm)  for 

he  static  root ora  ng  function 
to  4;  the  steady  state  (or 
always  to  cove  i.ed  (by  cons  t  ruct¬ 
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f  2.5.5  -  Kf  feet  of  C„/Cc  /■  1 


The  effect  of  spec ifi  c  hca<  ratio  C1,/C(,  not  (nccotsari  ly 
uni  ty  is  i  1  lux. trait  a  in  Figs.  27-28.  The’  quasi-steady  work¬ 
ing  map  of  Pic.  27  is  plot  led  rxi.'au]  Lanecus  ly  for  Ca/C  ,-1  .  1  2 
and  C0/Cc~  1.00}  KVF.v  non]  j  >i<  sir  flame  w  :r-  lidoplcv.  Only  mi¬ 
nor  till  ioj  eiiccs  can  be  do  lot*  led  due  to  1!--  Is  ((■)...)  when  Cct/C 
/  1;  simiJni  differences  are  found  with  other  flans:  models 
as  well.  However,  drastic  differences  arise  as  to  the  stat¬ 
ic  restoring  function  in  the  region  ol  upper  (static  and 
dynamic:)  instability.  The  plot  of  Fig.  23  concerns  MTS  flame 
with  n-  3 ;  the  static  res  tor  inn  function  i  s  dr  a  -;r.  si  muJ  .1  ancon 
lv  for  Ca/Cc  ~  1.12  ana  Ca/Cr~1 . 00  at-  10  atm  and  30  atm  of 
pressure.'  One  can  hardly  detect  any  difference  at  30  atm 
(no  upper  instability),  whereas  upper  instability  at  10  atm 
is  strongly  reduced  by  Ct./C ..  -  1.12.  Similar  trends  are 
found  with  other  flame  models  as  well. 

Both  effects  (quasi. -steady  working  map  and  static  re¬ 
storing  function)  arc  confirmed  for  C/C  =  1.24. 

§  2.5.6  -  Effect  of  e  / _ 0 

The  effect  of  radiative  heat  loss  from  the  burning  sur¬ 
face  with  emisxivity  e  =  0.75  was  found  negligible  in  all 


Sec.  2.6  -  M0N1.J  b!  'AR 


STATIC  STAB.!  MTV  AFAhYSiS 


Static  stability  analysis  of  a  burning  propellant  relates 
to  the  capability  of  the  propel  .lant  l o  keep  il.c  burn!  ny  ryui Li¬ 
brium  configurat io  i  in  tine.  It  was  shown  in  See .  2.4  that  this 
implies  to  study  the  properties  of  the-  nonlinear  oni: 


(2.G.1 ) 


which  in  turn  depend*'  on  the  shape  of  the  algebraic  non!  incar 
static  restoring  ihr  tion  if...-  •  )  oxnmi nod  in  See.  ?.  5.  The 
following  problem:;.  n>  of  relevance  in  the  area  of  of  ax  ic  sta- 
bi 1 i ty : 

1.  prediction  of  number  and  nature  of  the  allowed  static  solu¬ 
tions  {  sec  $>  2.6.1). 

2.  prediction  of  static  si  ability  boundary  (see  c  2.6.2). 

3.  measurement  of  static  stability  strength  (sec  f  2.6.3). 

4.  prediction  of  the  pressure  deflagration  limit  (see  5  2.6.4) . 


5  2.6.1  -  Number  and  no  tire  of  the  a i 1  owed _ static  sol ut jess 

It  is  shown  in  5  2.7.2  and  5  2.7.3  that  three  regions  of 
interest  can  be  distinguished ,  for  .increasing  values  of  <j  .. 

(see  Tab.  4  and  ef.  Fig.  12b): 

1.  before  A  -  D  root.:;  cos  1 1 -sconce ,  Ur:  static  reacting  solu¬ 
tions  ic  the  usual  stationary  combustion  wave  strictly  de¬ 
fined  by  root.  A. 

2.  after  A  -  D  roofs  coalescence  but  before  H  -  1.)  room  con .1  o- 
scenee,  the  static  read  i  r.g  solution  is  a  so)  f -sustained  o- 
scillnting  combustion  wave  .wound  root  A. 

3.  after  b  -  n  roots  coalescence,  no  static  reacting  solutions 
wha  l  soever  i  s  a  1.  lowed . 

Obviously,  t  ho  trivial  unread  i  ng  solution  >'s  -  R  -  0 
(when  allowed)  in  a  Iv/nvssUai  .ica.lly  st  able  .  Therefore,  too  much 
surface  energy  release  excludes  any  steady  reacting  solution 
and  under  those  circumstances  the  only  possible  configuration, 
even  in  a  static  environment.,  is  the  unreacting  state.  These 
predictions  were  verified  by  numerical,  integration  of  the  go¬ 
verning  PDE.  Results  concerning  sc  1.1  -  sustained  oscillatory  burn 
ing  are  discussed  in  5  2.8.4.  Results  concerning  the  static  sto 
bility  of  the  exjui librium  reacting  configuration  are  shown  in 
Fig.  29. 

Under  the  standard  set  of  parameters  indicated,  numerical 
values  for  the  allowed  static  solutions  are  given  as  an  example 
in  Tab.  4.  In  particular,  the  range  of  Q.  values  for  which  self 
sustained  oscillating  combustion  waves  are  expected  is  given, 
in  function  of  pressure,  in  Tab.  5.  Both  calculations  were  per- 
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form;-.!  for  I-'TS  flame  with  n=3 
i  RVi';,  L  i  yu  Led  in  do1,  all  In  f.  2 
roqui  re  fur.  her  ana  i  ysis  . 


The  above  questions  will  be 
7.2  arid  2.7.3,  since  i.iioy 


5  2.6.2  -  Static  s  rub ,!.  1  _ity  baijU'.:ci >:y 

An  import  .nit  piem  of  inf  orna  Lion  In  the  static  stabili¬ 
ty  anulysi.:;  of  a  burning  pi  on<  J  tar  l  is  the  in  in  I  mum  va  .1  uo  of 
$u)'  I  a  co  to  n.a  i  .iluri:  (or  burn!  i; .are)  above  which  stable 
steady  burr,  ing  •  s.  a!  !  owed .  In  o  rder  to  ova  J  ante  th  i  s  value, 
a  m. >s  t.  i;;;e  j r  .  a i .  i  fon  In:  e  eeimi.on  to  all  s. la  t  j  c  res  U. 
f  u:iv.  I  lurry  is  e.  .;  >ha si  aed .  Vi.,  specific  surface  ten-p*  'future 
value,  i;  1  i  at  which  the  pair  so!  u  L  j.ons  it:'*  s  table  and 

Ex'1  unstable  coalesce:'. ,  at  a  given  piossiuc  (Fig.  12a)  and 
for  a  given  sol  of  parameters. 


IV. 


defines  t;ho  branching  or  mo  tar.  lab  l  o  point,  at:  that  pressure 
(and  for  that  sou  of  parameters) .  Co rrespond i ng  to  this  sp 
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There  fore,  the  branching  point  at  a  ,j  i  yen  pressure  j  solates 
the  critical  static  slubJ  t  ify  value,  it’1,  of  the  surface  tem¬ 
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ary  on  t  ho  it  vs  6f)  .-'lane,  in  a  range  of  pressure,  consists 
of.  eonnee Li na  the'  cr.Ll  ie.il  sta t i e  (y Labi  1  i  tv1  point  s  defined 
for  t'.ich  press.  a  re  of  nu.ore.st  in  the  wanted  range  (and  for  a 
given  sot.  «r  pa  runic  tors;  .  This  implies  the  search  of  the 
branching  point  at  any  fixed  pressure. 


A  general  method  (based  on  nonud  ir.bn !. ici ty  of  the  propel¬ 
lant)  for  solving  I  hi:-  problem  .is  discussed  be.i.ow.  However, 
for  the  speci  fi.c  case  of  a  sol  id  compos  it  e  propel  1  ant ,  the 
search  for  t  he  branching  point  may  be  performed  .immediately , 
although  not  vigorously,  based  on  observation  of  the  physical 
processes.  Consider  the  qua! it  ativo  picture  superimposed  in 
Fly.  30  on  a  .standard  Ml'S  f.l  ame  plot.  Recall  that  burning 
rate  and  surface  temperature  are  univocal. ly  related  by  an  ap¬ 
propriate  pyrolysis  law.  Therefore,  it  is  irrelevant  to  de¬ 
fine'  the  branching  point  in  terms  of  burning  rate  or  surface 
temperature.  Now ,  as  schematically  indicated  in  Fig.  30,  the 
branching  point  is  determined  at  each  pressure  by  the  geomo- 
tiical  cona.i  t  ion  of  vertical  tangent,  .1 .  e  inf  in  it  e  slope  or 
maximum  licit  :  r.  dbacl;.  Indecl,  for  ;y  *>•  c  a  change  of  burn¬ 
ing  is.  to  cr  ran  lace  temperature  produces  opposing  effects  on 
the  t  hernia  l  grad!  ents  at  the  surface  from  the  condensed  and 
the  gas.  phc.se  sides;  lor  example,  the  former  .increases  but 
the  laid  or  decreases  when  the  burning  rate  is  disturbed  up- 
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ft  i.:  i  on  on  to  pr<v.i  cl  .  and-  -  an  appropriate  set  Oi 
assume L i  -  as ,  the  j.  .•  :  ivioj  o'  an  iu  <  neons  i  lag  re  L.'.on 

v.’.ivo  initially  pi  on  ig.stine  :  I  ■  .eh  .1  y  ( .i  :v'lud  ■  :.q  n  bur.y 
j  r.g  re: L<.;)  urev  r  a  y  i  veil  :.ca  o’  :  or n.  !  pan'.:’.oU.ro  nun 
Lilian  sub  j-,  ■  red  to  .  -bi.vr.ij  y  ;  a  ■/>-. n  oh  my. on  is  ti.no  oh 
l»vufii’i\-  a:  a  i/or  rao ;  tie.-.,  '•  his  in  easily  done  if  an 

oui:  .ho  ;,:u  I  e  tj  on  rji  !  ha  pn  i*,1  ..  i avai  .>  able  . 

Dvna;-  i  c  stab  1  1  «  i.y  o*  a  biasing  pj  opollaet  re ] n (  c*s  ho 

tr.-.nn  •  h  <  on  oil  t.iic*  propel  J  an  .  ,  iron  a  given  i  ni  tin  L ..  t:o  r.c-r-i  • 
i  _i  na  i  s-  i:  of’  ooeiv!  iny  com.:  .  .;  for  which  hul  hi  pie  e-u-  i  •• 

libri  ur.t  coehlgur  ;  1. 1  one  (si  -u.  i  -  •  s!  3  v  st  ab)  o)  arc  nl  loved.  A 

burni  nq  p>  one  i.  lunt  in  dyn  nh.csily  s  table  if  the  ed 

transition  in  succ-  .  ful;  i  C  tin*  transition  loads  to  a 
final  con*  i  -jura  f  ion  vii  i  f  <  o  on  l  I  .*om  the  'wanted  oj.i  ,  the: 

)  >urn.i  nf!  prop.- 1  la.it  in  •  lynam.i  ca  1  .1  y  uns  i  o b  i  o . 

The  non)  f  non  r  OOiJ  oi  b  : .  2.4 . 7. A  descr  i  bee  i  ho  inn  1  an- 
tanoouu  response:  of  l.i>o  system  to  a  ft  rite  ni  no  i.cpxr  l  arc 
of  tiie:  surface  t  ov-pera  luj.v  i  i  oil  tin'  n.  if:  j  ovary  v’.-lue  due 
not  only  to  intrinsic  per  tur! ion  sources?  (static  stabi- 
lity),  bn.i;  ei.l.o  i  i  o  any  arbii  i  .a  y  but  i.  •  orral iy  assigned 
mom  u.e>n:i.  e  1 1  chang-  •  is  ;  i  r.o  o.i  con  i  o  ul  .1  j.no  pat  ante  tern 
such  as  p-.vsriui  a  «.nc,/r.r  rad  i  i . .  t  fin.  (hone1. tie  n  l.ab.i  3  j  ty  )  . 
This  cun  bo  oi.  area,  in  .Va.i  face  Joe  d^ncj  .ibj  r.y  i.  i  no  {u.n  l  :>• 
ri.es  of  i  yi:  i  t  ion  ..im,.-  or  i  me  f  i  on  to  mini  onto  .  Wov/oev'- .  n 
more  tost  and  1 1  n.i  i.  ft  l  point  oi  view  Cuii  iva  l  ahen. 

Indeed,  :i  L  v;.;s  iol  •  on  civ  eo.iph  an.  1  red  in  See .  2,4  that  the  sur¬ 
face  t.  er  mm  t  u  1. 1 '  1  is  d.  •  r  i  va  i  i  w  .in  yovorned  by  the  stiit'C 
rt.*i>tori.ncj  f  (  ,r.  -  ,. )  ,rvvn  i  *.i  iini.fe  nj  no  eij.ntu  ''bancos  , 

both  for  ni  a  tic  ano  d.ynanti  ••  bva  n.i  n<j  n  Labi  l.i  tv  ,  I  v;J.  1)  Jv 
show n  flint,  thin  ho  •  •  .n  t  run  ,n;.i  e't  j.i:a'.l  ! v  for  forclny  func¬ 
tions  lev  hi  .i .!  ny  o’1  in  i  j  ■  •  oit  i.ns.  I  a.  1 1  a ;  .eoun  Ly  iot  ;  ore  ■.  no 
f  uric  t:  j  ons  :m  ..'Otoii.i  r  .!  .1  y  dor-  •  -an  •  u«.;  in  i  inv.  Svudyiny  <iio 
nature  of  l.hc?  nly>  -b  j.o  si-aiic  restoriny  funcf*  on  leads  to 
a  vc  r  v  ciena  ra  1  burn  :  sLah.  i  I  j.  ty  analysis,  without,  ever  no.lv- 

i  ny  I'.h"  non!  j  near  oni:  of  hq.  >i .  24  or  l’Dli  oi  iiq.  2.2.2. 

5  2.7.1-  Dynamic/  ov!  i  nt^t  i  on  of  sol  i_d  p-  opellant.n 

In  this  nubr.ect  i  on  .inquirx  is  made  about  the  possibili¬ 
ty’  of  ciynami  c:  extinct  i  on  oi  (he  soli <1  propellant  oven  tl.ouyh 
if  nay  !m.  capable  o!  staf  ice.  I  l.y  stable  bnrnin*j  tor  the  given 
final  sc't  of  operal  Lug  coiuii  fionu .  it.  is  expected  that  this 
will  be  a  function  oi.  the:  rale  of  decease  of  the  operating 
conditions  from  the  initial  net  of  values.  Specific  refe¬ 
rence  to  this  question  ’..'i  1  1  be  made ,  but  the  overall  line 
of  attack  is  of  a  general  nature,  in  order  to  apply  the  in¬ 
tegral  Method  >/i  t bout  execs-  i  vo  dif  f  i  cultics  ,  optical  opa¬ 
city  of:  the  condensed  phase  is  assumed.  This  hypothesis  .is 
relevant  to  the  case  of  radiant  flux  change,  but  it.  is  not. 
expected  lo  al feet  the  conclusions  in  any  significant  way, 
as  it  will  be  discussed  at.  the  end  of  this  subsection. 


-  b2 


The  objective  now  is  to  predict  when  an  a  1  lowed  static 
transition  (real  i  zed  through  a  succession  of  exci  usivc  Jy 
steady  state  confi  yur..  ti  ons  )  becomes  f  orb  i  been  if  one-  a  i- 
tetipLs;  to  realize  it  i:i  a  transient  (quasi-steady  c;..s  phase ) 
fashion.  Let  us  consider  a  pu'e  c.s; v.din tion  transient  per¬ 
formed  accord!;  x;  to 
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the  genera]  expression  of  Eq.  2.4.24  may  be  specialized  to 
do 


(2.7.2) 

where 


s 


dx 


f(os  -  0 


;  ;  T,  P )  -  q  ( x , 0  -  0  ;B  ,F  .  ,F  r) 

s  ■’  s  s  r  o,i  o,f 


(2.7.3) 7 
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Dynamic  stability  analysis  requires  consideration  of  the 
nonlinear  ODE  of  Kq .  2.7.2.  The  basic  difference  from  the 


static  stability  analysis  is  that  ! he  rate  of  return  of 
the  si"  face  terp  rature  town rcl  the  equi  1  i.bri  urn  value  now 
eloper  l."  expl  i  ci  ly  on  tine, so  that  no  a  pr  i  ori  analysis 
is  por--.r.i  Me.  However,  Kg .  2.1 .2  shows  that  the  rate  of 
the  res)  onto  ot  the  system  can  be  separatee  in  two  tc : 
of  these,  f(  >s  -  .:)  is  tile  .nn.ononous  contribution  pre¬ 

viously  discussed  while  g  (r,  3  -  .  f;)  is  the  nonautono.s.ou: 
contribution  duo  to  the  fir, ’to  disti’i  banoe  subsequent  i;o 
the  given  deradiulion  law. 


The  main  interest  is  the  asymptotic  behavior  of  the 
system  for  x  ••  :  to  predict  whether  the  final  stable 

equilibrium  root  Ay  or  the  trivial  solution  .  --  0  (root  C 

vn.ll  be  reached  (Figs .  38a  -  33b)  .  For  the  w:i  do  nntc:  of. 
controlling  par  aipeters  vary  i  na  in  time  according  to  m.opo- 


iui:i  root  t  . 


ton.i  qo_'l  1  y  (fvv;n-  i  nu  iju  no<- ;  ess  ,  the  qnnl  i.  i  a  t  i 
of  the  nonauto;, cions  term  i:  iy  be  portrayed , 
2.7.3  shows  (see  Fig.  38c  -  33d)  that: 


J  ncieeu ,  Eq , 


g  (tv  0  /jy  -  u5)  t  0  at  any  ins i ant  follow¬ 
ing  the  beginning  of  the  transition,  since 
the  denominator  is  found  to  be  a  positive 


(2.7.4) 


quantity  in  the  range  of  interest, 

g  (i  0f;  -  o,,)  -  o  a s ymn t o t i c a .1 .! y  in  t i m. • , 
i  .  c; .  ,  ti  mes  much  longer  than  some  extern.:' 
cha  raster  is  i- i  c  tine  swale  depone!  j  no  on  inn 


given  rorc.rng  i unction  ie.y.,  x 


1 


Then,  it  follows  that  before  and  a f  i  e r  (for  tv  Text)  t  .ho 
extcrnaJ  ly  control  led  tT  on:  IT  .i. ... •  c " “uTe  “of  "rot u r  n  of 
surface  tempera  1 are  tow  a  id  the  eq  o.i.  1  .i  br  i  uv.i  value  is  gov  ; 
ed  by  the  autonomous  term  f  (.  .,  -  o. ),  wliose  pi  opor  l  >  os 


have  been  air 


ill  ustr.i  hod  ir, 


A  qunli  tat. ive  pictur.  of  the  bohovi  or  of  the  system 
govorjn-d  by  He.  2.7.2,  umlrr  the  corn  Linns  sped  f  ied  by 
Eq  .  2 . 7  ,  -1  arid  for  g  i  von  initial  conditions  ,  can  be  por¬ 
trayed  j  n  the  plane  a, -/dr  vs  ns  (Fig.  39).  Roots  Ay  and 
Af  (of.  Figs.  3ba  -  38b  and  .5'))  ;n'r  .1  e.-.pec  lively  the  stati¬ 
cally  sl.ovle  initial  and  final  cqui  librium  con  f  .1  gu  rati  oitr. . 
All  trajectories  (representing  the  history  of  the  system) 
in  Fig.  39  start  from  the  root,  hi  and  terminate  either  at 
the  root  Af  or  at  the  origin  of  the  axes  (root  C,  dynamic 
exti  net  i  on) .  In  the  qualitative  portrait  of  Fig.  39  the 
nonlinear  characteristics  f  (  <  -  o  )  at  T  =  0  and 

f  V's  f  ~  r\~)  at  t->  -■  have  been  represented.  On  the  horizon¬ 
tal  axis,  the  surface  temperature  corresponding  t.o  the  bran¬ 
ching  point  p 1  at  the  operating  pressure  has  been  marked. 
This  value  (statically  critical  point. )  separates  the  stati¬ 
cally  stable  roots.  ( A i  , A f )  from  the  statically  unstable 
roots  ( B j  , B f )  .  J’or  a  quasi-steady  transition,  the  trajecto¬ 
ries  starting  from  root  A  progresses  into_the  negative 
half-plane  d:s./dt  •  Q,  since  the  term  g  (x,0s  f  -  0S)  .ini¬ 
tially  dominates  the  term  f(9s  q  -  0,.)in  the  ODE  of  Eq .  2 . 7 . 2 


But  tne  sketch  oi:  Ficj.  33d  shovis  that  q(x,  ••  decreases 

mono  ton  i cully  toward  znro,  Wiser.  y(i,  :r  -  'jr. )  becomes  nr  '"Le¬ 
gible  compared  to  i('  c  -  ,.)  ,  the  lesttor  term  might  drive  she 

trajectory  toward  the  final  root  A..-. 

The  rate  of  return  o’-  the  surface  temperature  town::',  c- 
qui.Xibr.tuw  for  x  <••••  (in  the  n:;e  x-  >re..,t)  is  controlled  on  1  y 
by  the  autonomous  term.  This  means  that,  in  the  oistu • .inco 
history,  it  is  the  intrinsic  stubi.  1  i  i;y  of  the  linn’!,  sta  Ve 
that  tends  to  govern  cho  behavior  of  the  r.ys  c<  w .  At  a  given 
value  of  pressure,  the  critical  "».o-rct  urn-  poi  nt  is  oof  j  nod 
by  Lb*.;  statically  unstable  ..out  (root  Hf)  ..w'ociatcc  with 

the  final  statically  stable  root  ,•  (root  A  •  )  through  the 


function  f(ta. 


statical  lv 


„)  .  The-  v.ho.l  c  segment  betw  an  a 

hr.  tab  I  c*  but  allow.;  a  dynamic  but  min 


gime .  The  statical  ly  uns  table  root  in  Ida.  gy  represents 

a  limiting  condi  tion  will  cl;  is  a  ur..i  asc_  pyyo;>c  g  C’f.  the  system 
fit  the  operating  (final)  pro*-  sure .  inis  ana.1/  is  can  a-:-  re¬ 
peated  for  different  valuer  of  pressure,  so  t i •  a t.  a  dynamic 
stability  boundary  nicy  be  constructed  as  shown  in  fig.  40  for 
standard  ambient  tempera  lui  '■  (300  K)  and  no  re  si  dual  radiant 
flux.  The  dyn  clinic  stability  boundary  just  determined  v/ilJ  iic 
called,  for  the  remainder  of  this  work,  lower  dynamic  stabili 
ty  boundary  (c£.  I  2.7.2) . 

The  statically  unstable  root  !?'>’  in  Fig.  39  reprov.  nl.s  <i 
limiting  condition  which  is  a  unique  property  oJ  the  prone 3  - 
lant  at  the  operating  pressure  ( for  a  qivon  rot  of  pai awe tors 
it  depends  only  on  the  propurti.es  of  the  intended  final  state 
The  line  connecting  all  the  point  ..  !j'y  is  the  lower  dynamic 
stability  boundary  not.  only  tor  ocrau  i  ati.on  transient.: ,  mono- 
ton  i  cal  .ly  tacayimj  toward  ;:eo,  but.  also  for  deprossnri  >\i  tion 
transients  mono!  oni  cal  !.•’  d.ruvinn,  p  i  nee  the  'unstable  root 
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mono  ton  i  c  a  •.  J  y  decaying  toward  zero,  tin;  transparency  of  the 
condensed  phase  has  no  .i.ni  im-nce  on  the  dynamic  stabili  ty . 

No  problem  arises  if  one  wi  sires  to  consider  the  effect  of 
other  parameters,  for  example  the  amb.icnt  temperature ,  on  the 
lower  dynamic  stability  boundary:  it  is  enough  to  determine 
the  statically  unstable  root  lor  each  ambient  temperature  of 
intern;,  t . 

The  existence  of  a  lower  dynamic  stability  boundary  dif¬ 
ferent  from  the  static (stability)  boundary  has  been  shown. 
Crossing  of  this  boundary  is  enough  to  assure  dynamic  extinc¬ 
tion.  At  least  two  large  classes  of  situations  can  be  envisag 
C’tl.I'or  the  wide  range  of  controlling  parameters  varying  in 
time  according  to  monotonies! ly  decreasing  functions  (c.g. : 
linear,  parabolic,  exponential,  etc.)  the  lower  dynamic  sta¬ 
bility  boundary  holds  true  instantaneously  in  that  crossing 
of  the  boundary  at  any  instant,  even  during  the  action  of  the 
external  disturbance,  is  sufficient  to  yield  dynamic  extinc- 
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dynamics  is  t : ;  o  predict  j  on  oi  he  maximum  rate  of.  chan-.;-'  of 
a  control  3  im ;  parameter  nl  Liv'ef  v/i  about  svif coring  dyna  ::i.c 
o::U  net  ion.  he  general  answer  can  lx*  gj  ve;i  to  this  quest  si  on , 
no!  oven  for  ti.o  cl  ran,  of  .mono Ionic..'  i  Iy  c-eei  eu..  iny  f  on o  L  .i  on". , 
since  in  gene:  a  I  tire  fell  r  hialoi  y  of  the  sy  st  <  .  he*, 

t.o  be  cons!  e’o  :.  ...  !j'iw  bos  L  ».  >  ■  >  e  su  hope  do  is  1  o  at. .1  sr. 

a  criterion  i  t  n  i_  a  spo-g  i  1  .i  < :  t  .  t  -  ■  •  >  j  >ii" '  ■■  i  cu  1 3  y  c  era  (-so  ns; 

law,  for  ;..-v  u.ipj  r  tee  t  xp->nonl !  ..■  J  x.:  of  ..  .  2.7.1  for  a  d  ■- 
racj  at!  on  transient  .  in  ibis  case .  the  t  ejector  i '  e  of  l.'j  y  , 

39  show  If'.-"  •  r.  or  i  c:i  ft.-.  !  'vine  e  ../«•!  ”  *  for  pal-!"-.  lc  avi  no 

root  nj  o i  r  i  r.  see!)  that  fo>  !  >  ,/d  i.  j  «•  Idd^/at!  *  a  recovu  i  y 

point,  subs- -ere  ntl  y  oc . :  ,  v;!u  for  :b  y/dt'  •  .  d  t  ■  •' 
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and/or  radiant  flux  occurs ,  Ihc  system  in  only  subjected  to 
random  intrinsic  fluctuations  and.  the  results  from  the  static 
stability  ana. lysis  apply.  It  is  also  implied  that,  in  the 
case  that  y  ( r ,  os  -  1  ..)*••!(  -  {. )  ,  the  dynamic  stability 

boundary  is  a  no- re  tun  boundary  lor  any  r  and  for  any  exter¬ 
nal  lav/.  Under  these  ci  reams  lances ,  the  dynamic  stability 
range  coi  ncid.xs  with  tiie  ranee  of  influence  of  the  statical  ly 
s  t  ab  1  a  con  1  i  q u  \  a  ! .  i.  on  - 1  . 
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Even  more  striking  is  tin:  behavior  of  the  system  for 
0r>  "~200  cal/g  (FI  cj.  lair.  In  this  case,  the  static  res taxing 
function  features  two  stable  roots,  D  (h^  =  0.93)  and 
E  (o  =  1.01),  neither  of  which  is  allowed  as  a  stationary 
solution,  sitting  at.  the  sides  of  the  unstable  stationary  so¬ 
lution  A  ( 1  p  -  0.99).  Under  the  se  circu  '.stances,  even  in  a 
static  cr.vi  ronmont,  the  burning  propel  i  ant  is  not  capable  of 
finding  an  equilibrium  reacting  configuration  and  bounces 
bade  and  forth  around  A  under  the  competing  .influences  oi  D 
and  E.  it  is  confirmed  (sc-c  rig.  69,  c.g: )  by  numerical  inte¬ 
gration  that.,  after  a  transient,  the  combustion  wave  under¬ 
goes  sharp  se  1  f-su? l.ained  oscillations  around  A  with  peaks 
near  D  and  E.  This  suggests  the  existence  of  a  limit  cycle. 
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of  Qs  values  for  which  self- sustai nod  ascii] utory  burning 
may  occur  is  narrower  than  indicalod  in  Tab.  5.  indeed,  in 
this  oscillatory  regime,  the  burning  propellant  bounces 
back  and  forth  under  the  competing  influence  of  D  and  E 
roots.  For  dynamic  reasons  the  amplitude  of  those  surface 
temperature  oscillations  has  to  be  somewhat  larger  than 
0S  (E)  -  0S  (D) .  This  implies  that,  especially  near  B  -  D 

roots  coalescence,  extinction  will  somewhat  shrink  the 
Qs  range  of  self-sustained  oscillatory  burning. 

The  frequency  of  these  self-sustained  burning  oscil¬ 
lations  is  expected  to  be  somewhat  related  to  the  condensed 
phase  thermal  wave  relaxation  time  (at  the  final  operating 
conditions  of  a  burning  transient): 

(2.7.5)  0  «  1/xth/C  =  R?(T,Fo,0_J 

However,  the  exact  meaning  of  this  parameter  is  open  to 
questions  in  the  present  context.  This  point  will  be  dealt 
with  further  in  next  section. 

A  most  significative  way  to  summarise  the  findings  of 
this  investigation  is  shown  in  Fig,  48.  This  is  a  surface 
temperature  vs  pressure  plot  at  constant  Qs  (the  standard 
burning  rate  vs  pressure  plot  on  logari  truic  scale  is  in¬ 
convenient  for  graphical  reasons).  Root  A  corresponds  to 
what  is  usually  measured  in  a  strand  burner.  However,  for 
pressures  less  than  A-D  coalescence,  A  root  becomes  stati¬ 
cally  unstable  and  the  solution  is  a  self-sustained  oscilla¬ 
tory  burning  peaking  slightly  above  E  and  below  D  roots. 

For  pressures  less  than  B-D  coalescence ,  in  no  way  a  react¬ 
ing  steady  solution  can  be  found.  Therefore,  for  a  given 
propellant,  it  can  bo  concluded  that  pressure  favors  combus¬ 
tion  stability.  However,  too  large  pressure  might  cause  in¬ 
stability  of  the  monodimensional  heterogeneous  deflagration 
wave  (Ref.  89);  but  this  is  out  of  the  range  of  validity  of 
this  study.  On  the  other  side,  for  decreasing  pressures , the 
burning  wave  "jumps"  abruptly  from  the  usually  steady  confi¬ 
guration  to  a  large  amplitude  self-sustained  oscillations 
before  getting  fully  extinguished.  Exactly  this  same  remark 
was  made  in  Ref.  68  on  a  totally  different  basis.  In  view 
of  this,  experimental  techniques  (and  the  very  concept  of 
pressure  deflagration  limit)  should  be  re-considered  in 
this  region  of  marginal  burning.  Pressure  deflagration  limit 
can  be  thought  of  as  that  critical  value  of  pressure  discri¬ 
minating  between  self-sustained  oscillations  and  no  steady 
reacting  solution.  It  follows  that  pressure  deflagration 
limit  is  associated  with  loss  of  static  burning  stability. 

A  possible  physical  explanation  of  the  above  results 
is  the  following.  Any  self-sustained  reactive  system  is  ca¬ 
pable  of  exothermic  reactions.  These  partly  occur  in  the 
gas  phase  (Q)  and  partly  in  the  condensed  phase  (H) .  The 
total  energy  release  Q(W)  +  |h|  is  determined  by  the  energy 
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balance  on  the  overall  steadily  burning  propellant  for  the 
given  set  of  operating  conditions.  For  a  fixed  set  of  ope¬ 
rating  conditions,  q s  increases  while  <5q  K  decreases  for 
.increasing  burning  rate.  For  low  values' of  |Ill,  an  increase 
of  burning  rate  and  thereby  of  <js  e  R 1 1 1 1  is  counterbalanced 
through  a  simultaneous  decrease  of  <5((  <y. "'1/r  and  increase  of 
the  heat  flux  3c, absorbed  into  the  condensed  phase. 
However,  for  largo  values  of  i  1 1  j  ,  an  increase  of  burning 
rate  might:  be  destabilizing  if  c'j  c.  increases  more  than 
((5c, y  ”  3a  y).  This  implies  an  acceleration  of  the  combus¬ 
tion  v;avc ,'  that  .is  the  appe ranee  of  a  D-tvpe  root  in  the 
non] i near  static  restoring  function.  On  the  other  hand, 
for  the  same  set  of  operating  conditions,  a  large  increase 
of  burning  rate  (up  to  orders  of  magnitude,  see  Sec.  2.8) 
is  strongly  stabilizing.  Indeed,  under  these  circumstances, 
the  increase  of  <5C  s  is  much  Jargor  than  the  increase  of 
(<5L  t  3g,s)  due  to  the  Arrhenius-type  dependence  of  the 
surface  on  the.  burning  rate.  This  corresponds  to  the  appea¬ 
rance  of  an  E-typo  root  in  the  nonlinear  static  restoring 
function.  Therefore,  at  each  pressure  (see  Tab.  5)  a  critic¬ 
al  (A-D  coalescence)  value  of  surface  heat  release  exists 
above  which  the  energy  coupling  between  condensed  and  gas 
phases  becomes  locally  unstable,  i.e.  a  burning  rate  di¬ 
sturbance  due  to  the  change  of  heat  flux  absorbed  into  the 
condensed  phase  is  counterbalanced  only  "in  the  large" 

(through  a  limit  cycle  process)  by  an  appropriate  change  of 
heat  feedback  from  the  flame  and  the  surface  reacting  layer. 

At  each  pressure  a  second  larger  critical  (B-D  coalescence) 
value  of  surface  heat  release  exists  above  which  the  energy 
coupling  between  condensed  and  gas  phases  becomes  totally  un¬ 
stable  (except  at  the  trivial  root  C) ,  due  to  the  excessive¬ 
ly  large  thermal  gradients  occuring  in  the  condensed  phase 
near  the  burning  surface. 

As  to  the  pressure  effect,  increasing  pressure  implies 
increasing  Q,  which  subsequently  required  a  larger  value  of 
I H  |  for  destabilizing  the  combustion  wave.  Larger  pressure 
require  larger  value  of  |H|  for  triggering  both  upper  insta¬ 
bility  and  the  self-sustained  oscillation  mechanism. 

§  2.7.4  -  Ignition  of  solid  propellants 

Attempts  are  being  made  to  extend  the  (nonlinear)  dy¬ 
namic  combustion  stability  analysis  to  ignition  transients. 
Just  as  dynamic  extinction,  ignition  can  be  seen  as  a  stabi¬ 
lity  problem  in  which  transition  occurs  between  two  statical¬ 
ly  stable  configurations:  from  reacting  to  unreacting  for 
dynamic  extinction,  viceversa  for  ignition.  Obviously,  for 
both  problems  the  transition  cannot  rigorously  be  described 
by  a  transient  model  with  quasi-steady  gas  phase.  However, 
for  both  problems  it  is  not  easy  to  do  better  and  probably 
not  strictly  necessary. 

With  this  limitation  in  mind,  numerical  runs  were  perform¬ 
ed  under  several  operating  conditions  to  check  whether  the  pre- 
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viously  defined  lower  dynamic  stability  boundary  (cf .  5  2.7.1) 
singles  out  a  critical  condition  for  ignition  transients  too. 
In  general,  the  answer  is  no.  This  is  not  surprising,  since 
the  lower  dynamic  stability  boundary  was  evaluated  by  means 
of  the  static  restoring  function.  In  turn,  this  is  based  on 
finite  disturbances  of  burning  propellants  from  a  stationary 
configuration.  However,  for  some  specific  problems  the  dynam¬ 
ic  stability  analysis  turned  out  useful.  For  example,  for  o- 
verdrivon  ignition  transients  the  dynamic  burning  f  oi  lov.'i  ng 
the  exter.ua].  energy  source  cut  off  nay  lead  to  extinction 
(Refs.  58-59).  This  is  correctly  predicted  by  the.  standard 
lower  dynamic  stability  boundary.  Under  appropriate  circum¬ 
stances,  whose  extent  is  presently  under  study,  this  bounda¬ 
ry  assigns  also  a  static  requirement  for  ignition  to  occur. 


§  2.7.5  -  Final  remarks  on  dynamic  combustion  stability 

A  graphical  summary  of  the  (nonlinear)  combustion  stabi¬ 
lity  analysis  is  offered  in  Fig.  49.  This  is  a  standard 
R  vs  P  plot.  The  curve  R(P)  is  obtained  experimental J y ;  the 
same  curve  is  reproduced  by  RTFS  (both  linearized  and  nonli¬ 
near  versions)  flame,  model.  MTS  flame  model  also  reproduces 
the  experimental  R(P)  curve,  but  with  sonic  tolerance  due  to 
the  fitting  procedure  required  to  evaluate  the  proper  gas 
phase  parameters;  however,  this  tollerar.ee  can  be  made  negli¬ 
gible  if  enough  care  is  exerted.  The  combustion  stability  a- 
nalysis  is  then  able  to  predict  the  lower  dynamic  stability 
boundary,  the  static  stability  boundary,  the  pressure  defla¬ 
gration  limit  and  the  sell-sustained  oscillatory  burning  re¬ 
gime.  The  region  of  dynamic  stability  is  bounded  also  upward 
by  an  upper  dynamic  stability  boundary  (not  drawn) ,  which 
would  lie  somewhere  above  the  R(P)  curve,  extending  from  the 
self-sustained  oscillatory  burning  region  up  to  some  maximum 
pressure;  in  this  pressure  interval  damped  oscillatory  burn¬ 
ing  is  expected. 

All  stability  features  discussed  in  this  study  were  de¬ 
termined  within  the  framework  of  a  thermal  model  of  thin 
(quasi-steady)  heterogeneous  flames.  Both  static  and  dynamic 
combustion  properties,  including  self-sustained  oscillatory 
burning,  are  related  to  the  thermokinetics  of  the  deflagrat¬ 
ing  surface.  Diffusive  effects  and  wave  propagation  in  the 
gas  phase  were  neglected. 

The  general  behavior  of  thin  heterogeneous  flames,  for 
decreasing  pressure,  in  the  standard  burning  rate  vs  pressure 
plot  (Fig.  4g)  includes  stationary  burning,  damped  oscillato¬ 
ry  burning,  self-sustained  oscillatory  burning,  and  no  self- 
sustained  reacting  solution.  The  critical  value  of  pressure 
under  which  self-sustained  reacting  solutions  are  no  longer 
allowed  is  the  pressure  deflagration  limit.  The  available 
quasi-steady  flame  models  are  questionable  in  this  marginal 
burning  domain;  however,  this  new  concept  of  pressure  defla¬ 
gration  limit  associated  with  heterogeneous  ( thermokinetic) 


burning  instability  rather  that  nonadinbaticity  of  the  com¬ 
bustions  wave  makes  sense.  Nonadiabacity  increases  the  value 
of  pressure  deflagration  limit;  other  stability  boundaries 
are  affected  as  well. 

The  overall  picture  of  thin  heterogeneous  flames  for 
the  first  time  seems  fully  understood  .  Remark  that  the  tran¬ 
sient  behavior  of  such  flames  is  predicted  for  both  pressure 
and  radiation  driven  combustion  v/aves.  Thin  heterogeneous 
flames  arc  (fig.  49)  statically  and  dynamically  unstable  be¬ 
low  the  dynamic  limit,  statically  and  dynamically  stable  a- 
bovc*  the  static  limit  (except  for  damped  oscillations)  ,  sta¬ 
tically  unstable  but  dynamically  stable  in  the  region  between 
the  two  limits.  Recall  that  the  dynamic  limit  is  valid  instan¬ 
taneously  for  forcing  functions  monotonically  decreasing  in 
time,  asymptotically  (t»t  ,.)  for  forcing  funct.ionsof  arbi¬ 
trary  shape  but  levelling  oft  in  time  (in  particular,  pres¬ 
sure  or  radiation  pulses). 

§  2.7.6  -  Important  remark  on  the  static  bounda ries 

Pressure  deflagration  limit  has  revealed  its  nature  of 
boundary  of  steady  burning  stability  associated  with  decreas¬ 
ing  pressure.  On  the  contrary,  the  "static  burning  stability 
boundary"  introduced  in  5  2.6.2  has  to  be  interpreted  as  a 
boundary  between  existing  and  nonexisting  steady  solutions 
associated  with  increasing  heat  loss  and/or  decreasing  ambient 
temperature.  It  should  be  called  more  properly  "static  burning 
boundary";  in  what  follows,  for  the  sake  of  clarity,  it  will 
be  called  "static  burning  (stability)  boundary". 
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Sec.  2.8  -  HUMS  RICA?,  COMPUTATIONS 

Computer  checks  were  performed  by  solving  numerically 
the  complete  PDF  formulation  of  t he  general  quasi-steady 
gas  phase  transient  problem  (see  Sec.  2.2),  whereas  the 
combustion  stability  boundaries  were  determined  by  analy¬ 
tical  moans  from  considerations  about  the  approximately  e- 
qui valent  DDL  formulation  (see  Sec.  2.7). 

i  2.8.1  -  Numerical  Approach 

In  this  subsection  the  numerical  code  employer1,  for 
the  solution  of  the  PDF  formulation  of  the  problem  is  de¬ 
scribed.  Quasi -steady  gas  phase  transients  can  bo  Simula  ti¬ 
ed  with  any  kind  of  law  (exponential,  parabolic,  linear, 
pulsed,  ..,.)  for  the  history  of  the  controlling  parameters 
(pressure  and/or  radiation)  and  for  several  flame  models 
(MTS,  KTSS ,  KZ,  and  LC) .  Computations  were  mostly  performed 
for  the  propellant  AP/PBAA  No.  941  whose  properties  are  list 
ed  in  Tab.  1  . 

The  nonlinear  parabolic  PDE  of  Eg.  2.2.2  was  integrat¬ 
ed  according  to  numerical  qchomes  taken  from  Ref.  91.  Consi¬ 
der  the  simple  problem 
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where  0  =0  (X,t)  and  o  is  a  constant  assumed  positive. 

The  time  derivative  is  numerically  approximated  (see  Fig. 
50)  by  a  weighted  average  of  the  values  in  the  neighbor¬ 
hood  of  the  point  we  are  solving  for  (scheme  No.  13, 
p.  191  of  Ref.  91 )  : 
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The  second  space  derivative  is  numerically  approximated  by 
a  standard  central  difference: 
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This  scheme  is  particularly  convenient  for  rapidly  varying 
functions  and  is  known  to  be  always  stable.  An  estimate  of 
the  truncation  error  is  given  in  rig.  50. 

An  alternate  numerical  approach  (see  Fig.  50 )  also 
implemented  in  the  code  resorts  to  a  simple  Crank-Nicholson 
scheme  (scheme  No.  2,  p.  189  of  Ref.  91)  for  which  the  time 
derivative  is  simply 


(2.8.4) 
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This  classical  Crank-Nicholson  scheme,  requiring  two  time 
levels,  is  always  initiab.le  since  in  our  transients  the  first 
vector  in  time  is  just  some  steady  state  thermal  profile 
(usually  evaluated  by  analytical  expressions).  On  the  con¬ 
trary,  the  scheme  of  Eq.  2.8.2  demands  an  initialization  pro- 
since  the  knowledge  of  tv/o  previous  time  vectors 
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© n  ( X )  is  required  when  solving  for  the  current 
gnri(x).  The  simpler  scheme  of  Eq.  2.8.4  is  therefore 
;  implemented  for  the  first  few  time  integration  steps, 
an  user's  option  then  to  switch  to  the  scheme  of  Eq. 
(more  suitable  for  rapidly  varying  phenomena)  or  to 


stick  with  the  scheme  of  Eq.  2.8.4  (more  suitable  for  contin¬ 
uous  adjustments  of  the  time  step  size) . 


However,  our  problem  includes  other  lower  order  terms, 
such  as  the  first  space  derivative  in  the  convective  term, 
which  can  jeopardize  the  utility  of  the  above  numerical 
schemes.lt  is  shown  in  Ref.  91  (p.  195)  that  stability  is 

unaffected  by  the  presence  of  lower  order  terms  with  constant 
coefficients.  In  our  case,  the  strong  nonlinear  dependence  of 
the  convective  term  not  only  affects  the  choice  of  the  time 
step  size  but  also  might  influence  the  stability  of  the  over¬ 
all  approach.  No  general  safe  method  exists  for  dealing  with 
the  complicated  problem  of  Sec.  2.2  and  the  obvious  method 
of  using  the  above  numerical  schemes  with  sufficiently  small 
discretization  steps  was  adopted.  The  time  step  size  is  as¬ 
signed  within  a  range  of  values  which  are  always  a  fraction 
more  or  less  small  (depending  on  the  specific  computation) 
of  the  corresponding  condensed  phase  characteristic  times. 
Moreover,  with  the  scheme  of  Eq.  2.8.4  it  is  an  easy  matter 
to  adjust  the  time  step  size  Ax  at  each  integration  step  by 
monitoring  the  tolerance  of  the  predictor-corrector  approach: 


(2.8.5) 


,n+1 


-  on+1 (1) 


en+1(1) 


x  100  =  S 


tol 


where  0S  is  the  predicted  value  of  surface  temperature  (by 
parabolic  extrapolation  of  the  past  3  values)  and  0(1)  is 


the  corrected  value.  The  tine  step  size  At  is  adjusted 
automatically,  within  p reassigned  bounds,  according  to 
S  j  value.  The  practical  consequence  of  this  procedure 
is  that  the  surface  temperature  gradient  in  time  is  usual¬ 
ly  very  small.  The  space  mesh  size  is  discussed  next. 

Both  the  boundary  conditions  of  Eq.  2.2.7  have  a 
direct  influence  on  the  space  net  dimension,  but  their  re¬ 
quirements  arc  in  opposing  directions:  BC2  requires  an  ex¬ 
tended  space  net  which  goes  deep  inside  the  solid  phase, 
while  BC1  requires  a  fine  space  not.  In  order  to  avoid  un¬ 
necessary'  expenditure  of  computer  core  and  time,  the:  tempe¬ 
rature  at  the  cold  boundary  is  considered  to  be  approxima¬ 
tely  zero  when  it  is  of  several  orders  of  magnitude  1  os:: 
than  the  surface  temperature.  Compute]'  runs  performed  for 
different  sets  of  input  data  and  operating  conditions  in¬ 
dicate  that  cold  boundary  temperatures  0(X->—  co,x)  -  0(10"f') 
or  less  have  no  appreciable  influence  on  the  structure  of 
the  thermal  profile  near  the  surface  of  the  condensed  phase. 
At  each  time  stop  the  total  number  JF  of  space  steps  is 
then  chosen  by  requiring  that  0(X->—"'/t)  is  conveniently 
small  but  not  too  small  (in  such  a  case  JF  is  decreased) . 

The  numerical  treatment  of  RC1  of  Eq.  2.2.2  lias 
proved  to  be  most  delicate.  This  is  obvious  if  one  consi¬ 
ders  that  the  coupling  of  the  gas  with  the  solid  phase  is 
expressed  precisely  through  the  energy  balance  of  BC1 .  A n 
error  is  introduced  whenever  the  temperature  gradient  at 
the  surface  is  evaluated  using  a  too  large  space  step.  Phy¬ 
sically,  this  is  due  to  the  fact  that  volumetric  terms  (ra¬ 
diation  penetration,  convective  and  unsteady'  effects)  be¬ 
come  important  compared  to  the  surface  terms  (collapsed 
reacting  layer,  condensed  and  gas  phase  side  thermal  gra¬ 
dients)  and  cannot  be  neglected  in  the  energy  balance  across 
the  finite  thickness  AX  required  by  the  numerical  approach. 
For  each  run  the  space  mesh  size  AX  is  then  chosen  by  requir¬ 
ing  that  across  the  first  AX 


BC1  error 


AO  due  to  volumetric  terms  < < ^ 
AO  due  to  surface  terms 


The  above  check  is  made  at  each  time  integration  step.  Com¬ 
puter  runs  performed  for  different  sets  of  input  data  and 
operating  conditions  indicate  that  a  BC1  error  up  to  a  few 
percent,  at  most,  has  no  appreciable  influence  on  the  over¬ 
all  numerical  solution. 

The  numerical  molecule  shown  in  Fig.  50  is  associated 
with  a  single  mesh  of  dimensions  AX* At  and  implies  the  solu¬ 
tions  o-f  JF  simultaneous  algebraic  equations  on  3  (scheme 
of  Eq.  2.8.2)  or  2  (scheme  of  Eq .  2.2.4)  time  levels.  The 
parameter  JF  is  an  integer  assigning  the  total  number  of 
nodes  in  the  space  net. The  algebraic  system  derived  from 
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the  discretization  of  the  PDK  of  Fq.  2.2.2  is  then  cast  in  a 
very  special  form  called  a  tridingonal  matrix.  An  efficient 
method  of  solution  suitable  for  automatic  computations  is 
indicated  in  Ref.  91  (o.  199).  Both  the  schemes  shown  in 

Fig.  50  are  implicit  and  unconditionally  stable  (when  ap¬ 
plied  to  the  simple  diffusion  problem  discussed  at  the  be¬ 
ginning  of  this  section).  However,  scheme  (a)  is  superior 
to  scheme  (b)  in  that,  containing  more  "memory  of  the  past", 
it  bettor  represents  rapidly  varying  functions.  Moreover, 
the  truncation  error  for  scheme  (a)  is  of  order  (AX)U  rather 
than  (AX)-'  as  it  is  for  scheme  (b)  .  On  the  other  hand, scheme 
(b)  is  more  suitable  for  continuous  adjustments  of  the  time 
step  size  and  does  not  require  an  iniz.ialization  procedure. 

A  flow  chart  of  the  overall  program  is  shown  in  Fig, 51a. 
The  program  allows  the  user  to  perform  4  different  types  of 
calculation  by  assigning  the  appropriate  code  value  to  the 
parameter  IGP.  Transients  of  ignition,  depressurization,  or 
deradiation  and  steady  states  can  be  computed  for  fixed  val¬ 
ues  of  external  controlling  parameters.  The  first  step  is 
the  computation  of  the  restoring  function  by  PPSTPL  subrou¬ 
tine.  Giving  an  appropriate  value  to  the  parameter  NOSTAB, 
values  of  the  restoring  function  at  different  conditions 
are  computed  and  printed.  This  computation  can  be  avoided 
giving  the  value  0  to  the  parameter.  As  a  second  step,  the 
steady  state  configuration  corresponding  to  the  arbitrary 
but  fixed  initial  conditions  is  evaluated.  This  is  done  nu¬ 
merically  by  the  subroutine  RTMI  (taken  from  an  IBM  scien¬ 
tific  package)  solving  the  nonlinear  algebraic  energy  con¬ 
servation  equation  by  a  bisection  method  (Ref.  90  ).  The 
transient  is,  then,  evaluated  by  implementing  the  numerical 
schemes  already  described. 

The  coupling  of  the  condensed  phase  energy  equation 
to  the  surface  pyrolysis  lav;  through  the  convective  term  of 
the  PDF  of  Eq.  2.2.2  requires  an  iterative  procedure  for 
the  surface  temperature  os.  Moreover,  for  the  MTS  flame  mod¬ 
el  the  coupling  of  the  condensed  phase  energy  equation  to 
the  gas  phase  heat  feedback  law,  through  BC2  of  PDE,  re¬ 
quires  another  iterative  procedure  for  the  flame  temperature 
Of.  Notice  in  the  flow  chart  of  Fig. 51b  that  the  Of  loop  is 
internal  to  the  0S  loop.  Therefore,  the  overall  approach 
consists  in  evaluating  Of  for  an  assumed  value  of  0S  and 
then  in  checking  9S.  This  is  done  with  a  simple  trial  and 
error  procedure  for  the  first  new  integration  steps;  suc¬ 
cessively,  a  predictor-corrector  type  of  approach  is  im¬ 
plemented  through  a  parabolic  extrapolation.  This  is  ac¬ 
complished  separately  for  both  loops  and  for  each  of  them 
a  convergence  test  is  applied  at  every  integration  step  ac¬ 
cording  to  the  following  definition; 


loop  error 


corrected  value  -  predicted  value 
corrected  value 


Typically,  an  error  of  less  than  0  .3%  is  specified 


Typical  values  used  for  the  time  and  space  step  sizes 


are : 


At  =  0.01  and  AX  -  0.01 

Such  values  are  by  no  means  mandatory  and  have  been  adapted 
to  specific  situations  vi th  the  overall  goal  of  the  best 
compromise  of  cost  vs  accuracy.  A  minimum  number  of  abcut 
one  hundred  steps  in  time  is  usually  performed.  Since  the 
surface  temperature  gradient  usually  changes  in  time,  a  va¬ 
riable  time  step  size  is  used  during  the  same  computation 
according  to  the  procedure  mentioned  above.  A  minimum  num¬ 
ber  of  about  one  thousand  steps  in  space  is  usually  adopted 
However,  particular  situations  (e.g.,  self-sustained  oscil¬ 
lations  of  burning  rate  or  oscillatory  changes  in  time  of 
external  radiant  flux  intensity  impinging  on  a  sensibly 
transparent  propellant  or  transients  near  pressure  deflagra 
tion  limit)  may  require  much  more  tedious  computations). 

The  program  has  been  v/ritten  in  FORTRAN  IV  lan¬ 
guage  and  has  been  run  mainly  on  USJIVAC  1  100/80  computer. 

A  typical  run  requires  a  core  of  about  50  K.  Several  sub¬ 
routines  are  also  available  in  BASIC  and  implemented  on 
IIP— 8  5  . 

A  series  of  checks  were  made,  and  some  were  incorporat 
ed  permanently  in  the  program,  in  order  to  make  sure  that 
the  overall  numerical  approach  was  performing  as  intended. 
Actually,  the  difficulties  inherent  in  the  numerical  solu¬ 
tions  deserve  a  full  study  by  themselves;  therefore,  only 
semi-empirical  tests  were  performed.  The  first  obvious 
check  is  to  compare  the  results  obtained  in  this  study  with 
those  found  in  previous  investigations.  Likewise,  very  help 
ful  is  the  comparison  of  the  steady  state  solutions  found 
numerically  with  the  corresponding  analytical  solutions. 
These  checks  were  used  to  localize  all  possible  trivial  er¬ 
rors  upstream  of  the  overall  numerical  approach.  The  appro¬ 
priate  choice  of  the  time  and  space  size  was  verified  ac¬ 
cording  to  the  standard  procedure  of  varying  the  time  and 
space  mesh  size  in  a  programmed  manner,  while  keeping  the 
input  data  fixed,  and  making  sure  that  no  appreciable  dif¬ 
ference  in  the  results  could  be  detected  by  halving  or 
doubling  the  mesh  size.  The  stability  of  the  overall  nume¬ 
rical  approach  was  chucked  by  letting  the  computer  run  free 
on  hypothetical  transients  with  no  change  in  time  of  the 
controlling  parameters.  Oscillations  of  negligibly  small 
amplitude  around  the  initial  steady  state  configuration 
(known  to  be  physically  stable)  were  observed.  All  these 
checks,  although  successful,  not  only  are  not  conclusive 
but  also  are,  in  principle,  restricted  to  those  specific 
situations  in  which  they  were  performed.  It  was  felt  conve¬ 
nient  to  have  some  form  of  internal  check  in  the  program 
itself,  so  that  each  run  could  at  least  be  considered  self- 
consistent.  Therefore,  at  each  integration  step,  not  only 
the  cold  boundary  temperature  and  the  BC1  error  previously 


menLioned,  but  also  tho  integral  balances  of  energy  in  the 
solid  phase  and  across  the  whole  deflagration  wave  are 
checked.  Again,  these  also  are  not  conclusive  tests  but 
must  rather  be  viewed  as  effective  warning  signals  'whenever 
the  integral  balance  is  not  satisfied  at  any  stage  of  the 
transient. 

§  2.8.2  -  Dynamic  extinction  of  solid  propellants 

Checks  of  the  lower  dynamic  stability  boundary  were 
performed  for  several  deradiation  and  depressurization  tran¬ 
sient  laws  (see  Tab .  9},  Since  the  lower  dynamic  stability 
boundary  corresponds  to  statically  unstable  roots,  it  cannot 
be  observed  directly  either  experimentally  or  numerically.  A 
go/no-go  technique  is  required  (see  Figs.  52-53).  Results  ob¬ 
tained  are  graphically  illustrated  in  Figs.  52-66  and  summa¬ 
rized  in  Tab.  10.  They  confirm  the  analytical  prediction:  as 
to  the  lower  dynamic  stability  boundary;  in  particular: 

(1)  its  independence  on  the  specific  monotonic  laws  implement 
ed  (linear,  bilinear,  parabolic,  exponential),  Figs. 54-5 

(2)  its  independence  on  the  specific  coefficient  rate  of  a 
given  mono  tonic  lav;.  Figs.  52-53. 

(3)  its  validity  both  for  depressurization  and/cr  deradiation 
transients.  Figs.  61-62. 

(4)  its  validity  for  both  optically  opaque  or  transparent  con 
densed  phase. Fig.  63. 

(5)  its  validity  for  simultaneous  or  consequential  monotonic 
forcing  laws.  Figs.  64-65. 

(6)  its  validity  for  pulsed  forcing  laws.  Fig.  66. 

(7)  its  dependence  on  final  operating  conditions.  Figs.  57-60 

(8)  its  validity  for  MTS  and  KTSS  nonlinear  flames;  r:o  lower 
dynamic  stability  limit  exists  for  KTSS  linear,  KZ,  and 
LC  flames. 

It  is  further  suggested  that  n  =  3  gives  an  excellent 
agreement  for  any  transient  with  final  pressure  rot  larger  th< 
say  30  atm.  For  larger  final  pressure  either  n  <  3  or  more  ac 
curate  numerical  schemes  (due  to  the  strong  dependence  on  ini 
iial  conditions)  are  to  be  implemented;  this  is  yet  under 
study . 

§  2.8.3  -  Upper  dynamic  combustion  stability 

Results  concerning  the  upper  dynamic  stability  limit  are 
illustrated  in  Figs.  67-68.  Runs  with  exponential  increase  of 
pressure  from  P.  =  10  atm  to  Pf  =  30  atm  are  plotted  for  sev¬ 
eral  values  of  the  surface  heat  release  Qs  (cf.  Tab.  4).  As 
expected  (cf.  Fig.  43),  for  |Qsj  sufficiently  low  (Fig.  67), 
one  observes  a  smooth  transition  from  the  initial  to  the  fi¬ 
nal  steady  state  equilibrium  configuration  (see,  for  example, 
Qs  =-150  cal/g) .  For  larger  values  of  | Qs|  ,  a  vigorous  acce¬ 
leration  of  the  wave  occur  (Fig.  68).  Following  this,  the  he¬ 
terogeneous  deflagration  wave  will  relax  toward  a  stationary 
solution  (Fig.  69) .  This  is  the  stable  steady  state  reacting 
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configuration  for  |Qsj  loss  than  the  A-D  roots  cosiesconce 
value,  self-sustained  oscillations  for  jOsl  larger  th«n  tie 
A-D  roots  coalescence  value,  and  the  stable  steady  state  un¬ 
reacting  configuration  for  jQsj  larger  than  the^  B-D  roots 
coalescence  value  or  whenever  the  dynamics  of  the  transien¬ 
ts  too  fast  compared  to  the  propellant  response  capability. 
This  is  discussed  next. 


§ 


2.8.4  -  Sol  f- sustained  oscillatory  burning  of  so.Ii.d_ 


oro- 


pe  i  I  a.^ts 

The  pressurization  runs  from.  10  to  30  atm  shown  in 
69,  for  several  values  of  Qs,v/ere  computed  implementing  bfe 
flame.  The  results  nicely  confirm  the  existence  of  the  three, 
static  burning  regimes  predicted  by  the  bifurcation  diagram 
of  Fig.  43.  Remark  that  (Qsj  -  180  cal/g  is  less  tnan  the 
A-D  roots  coalescence  values  (jC’cJ  =  190  cal/g),  while  iQsl:- 
220  cal/g  is  very  close  to  the  B  -  D  root.s  coalescence  value 
{  |qs}=  222  cal/g).  Compare  with  Tab.  4.  Notice  that,  for  in¬ 
creasing  j  QB|  ,  the  same  externai  forcing  function  gives  mere 
pronounced  dynamic  burning  effects.  For  example,  see  the  suc¬ 
cession  of  the  initial  surface  temperature  peaks  in  Fig. 
for  the  three  indicated  val.ue  of  Qs.  Large  values  of  iOgi  fu- 
vor  (dynamic) extinction, duo  to  ovorstabi 1 ity , during  the  initial  transient. 


For  i Qs:  =  200  cal/g  the  numerical  solution  of  the  pres¬ 
surization  test  confirm' that ,  after  a  certain  transient,  the 
combustione  wave  undergoes  characteristic,  sharp  sclf-sus- 
stained  oscillations  around  A  root.  (0S  ~  1.61)  and  D  (9S  = 
0.94)  roots.  The  results  of  further  computer  simulated  tests 
are  summarized  in  Tab.  11.  No  self-sustained  oscillatory  re¬ 
gime  was  found  for  several  values  of  i  Q s | 1 8 0  cal/g  and 
|QS!)>210  cal/g.  But  for  Qs  =  -200  cal/g,  after  a  few  transient 
cycles,  exactly  the  same  oscillatory  pattern  was  found  fo.r 
exponontial  pressurization  tests  to  40  atm  with  Bp  =  200 
from  Py  =  10,20  and  30  atm.  However,  the  amplitude  and  the 
period  t  of  the  surface  temperature  oscillations  decreased, 
for  increasing  final,  pressure,  according  to  the  values  listed 
in  Tab.  11.  Exponential  pressurization  tests  to  50  atm,  with 
Bp  -  200,  from  Pp  =  10  or  40  atm  confirmed  this  point.  All 
this  evidence  neatly  suggests  that,  for  a  propellant  with 
the  appropriate  value  of  Qs,  the  existence  and  the  proper¬ 
ties  of  the  self-sustained  oscillatory  regime  are  uniquely 
defined  by  the  final  operating  pressure  (being  all  runs  per¬ 
formed  at  fixed  ambient  temperature  of  300  K  and  for  adiaba¬ 
tic  burning).  In  Tab.  11  for  the  reader's  convenience, the  val¬ 
ues  of  0S(E),  9S(D),  and  ©s (A)  are  plotted  for  n  =  3.  Like¬ 
wise,  the  value  of  thermal  wave  relaxation  time  in  the  con¬ 
densed  phase,  Tf-h  c  =R~2,  are  given.  However,  the  exact  mean¬ 
ing  of  this  parameter  in  the  present  context  is  open  to  ques¬ 
tions  .  . 

The  previous  computer  simulated  tests  were  obtained  by 
implementing  MTS  flame.  Pressurization  tests  with  KTSS  non¬ 
linear  flame,  from  10  to  30  atm  with  Bp  =  1 ,  were  also  per¬ 
formed.  Unfortunately,  the  value  of  Qs=-200  cal/g  falls 


outside  the  range  of  applicability  of  the  KTSS  nonlinesr 
flame  at  10  atm;  therefore  no  direct  comparison  vri  th  MTS 
flame  was  possible.  The  same  pressurization  test  was  then 
attempted  for  Qs  --1 80  cal/g.  A  self-sustained  oscillatory 
regime  was  detected  (t,}~2.8)  ,  'with  the  same  general  features 
observed  with  MTS  flame  (see  Fig.  70). A  self-sustained  oscil¬ 
latory  regime  with  KTSS  nonlinear  flame  was  also  detected  by 
Kockor  and  Kelson  (Ref.  74),  who  found  td  -  1.36  at  68  atm 
for  |  Qs  j  =  105.8  cal/cj  (their  |il|  =  0.88). 

The  characteristic  spikes,  observed  in  all  run,  of  the 
burning  rate  oscillations  physically  suggest  a  succession 
of  thermal  explosions  of  surface  layers  (strongly  and  in-depth 
heated  by  the  intense  heat  source  due  to  large  psj  values  at 
the  burning  surface  slowly  regressing  for  most  time)  followed 
by  similarly  fast  burning  rate  decrease  (due  to  tight  coupl¬ 
ing  condensed/gas  phases  at  high  burning  rates)  and  slow 
thermal  wave  build-up  (ignition  lag).  For  any  combination  of 
pressure  and  surface  heat  release,  a  more  or  less  narrow 
range  of  values  exists  for  which  self-sustained  oscillatory 
burning  is  the  only  allowed  combustion  regime.  In  any  event, 
within  the  framework  of  heterogeneous  (thermokinetic)  thin 
flame  combustion  stability  theory,  low  pressure  associated 
with  large  surface  heat  release  favors  self-sustained  oscil¬ 
latory  burning. 

A  region  of  particular  interest  is  near  the  pressure  de¬ 
flagration  limit.  It  was  predicted  analytically  (see  5  2.7.3) 
and  is  confirmed  numerically  that  low  frequency  self-sustained 
oscillations  show  up  when  the  pressure  is  lowered  down  to  the 
deflagration  limit.  Several  experimental  reports  on  this  phe¬ 
nomenon  can  be  found  in  the  Soviet  literature.  A  recent  paper 
by  Japanese  authors  (Ref.  92)  further  claims  that  low  pressure 
self-sustained  oscillations  can  also  be  associated  with  (stea¬ 
dy)  external  radiation.  Computer  runs  in  agreement  with  this 
experimental  observation  are  shown  in  Fig.  71:notice  that  fre¬ 
quency  increases  and  amplitude  decreases  for  increasing  in¬ 
tensity  of  the  impinging  radiant  flux. 

§  2.8.5  -  Effect  of  C  /C  ,  M 
_ __ _  g  c _ _ 

The  effect  of  specific  heat  ratio  not  (necessarily)  unity 
is  to  make  dynamic  extinction  more  difficult  due  to  both  slight 
decrease  of  the  lower  dynamic  stability  boundary  and  larger  re¬ 
sistance  to  changes  of  the  instantaneous  surface  temperature. 
See  Fig.  72.  The  overall  effect  is  not  large,  though. 

The  consequence  of  Ca/Cc  ?  1  on  the  self-sustained  oscil¬ 
latory  burning  is  more  sensible.  At  a  given  pressure,  oscilla¬ 
tions  require  larger  | Qs  ref|  and,  mainly,  feature  less  impor¬ 
tant  spikes  than  for  Cg/£c  =  1.  See  Fig.  73.  At  a  given 
Qs,ref/  oscillations  snow  up  for  decreasing  pressure  until  the 
deflagration  limit  is  reached.  See  Fig.  74. 


§  2.8.6  -  Ignition  of  solid  propellants 

Several  go/no-go  ignition  transients  were  performed.  A 
significative  example  obtained  with  MTS  flame  is  shown  in 
Fig.  75.  The  two  runs  plotted  in  this  figure  are  identical, 
except  a  negligibly  faster  cut-off  of  the  external  radiant 
source  for  the  extinguished  case.  The  minor  dynamic  effects 
associated  with  the  cut-off  of  the  external  radiant  source 
are  not  enough,  for  the  ignited  case,  to  lead  the  instanta¬ 
neous  surface  temperature  (or  burning  rate)  below  the  corre¬ 
sponding  critical  value.  Under  the  specific  operating  condi¬ 
tions  of  Fig.  75, the  lower  dynamic  limit  is  seen  to  consti¬ 
tute  a  rather  accurate  boundary  both  for  the  static  (minimum 
energy)  and  dynamic  (smooth  energy  source  cut-off)  ignition 
requirements.  This,  however,  cannot  be  generalized.  Indeed 
the  lower  dynamic  limit  was  evaluated  for  an  initially  stea¬ 
dily  burning  propellant.  The  exact  connection,  if  any,  bet¬ 
ween  ignition  and  lower  dynamic  limit  has  yet  to  be  investi¬ 
gated.  On  the  other  hand,  in  the  case  of  dynamic  extinction 
of  steadily  overdriven  burning  rates  associated  with  igni¬ 
tion  transients,  the  lower  dynamic  limit  is  expected  to  be 
fully  valid. 

Further  computed  simulated  ignition  transients  are  illu¬ 
strated  in  Fig.  76  (exposure  time  re  =  140  and  linear  deradia¬ 
tion  with  Br  =  200)  and  Fig.  77  (Te  =  112  and  Br  =  20),  Both 
examples  show  some  dynamic  burning  effects  associated  with 
the  external  radiation  source  cut-off.  Moreover,  under  the 
specific  operating  conditions  of  Fig.  77,  the  propellant  is 
seen  to  ignite  before  reaching  the  lower  dynamic  limit. Very 
likely  this  is  due  to  slow,  volumetric  heating  of  the  propel¬ 
lant  slab  associated  with  low  external  radiant  flux  intensity. 
Slow,  volumetric  heating  is  also  responsible  for  the  large 
and  fast  surface  temperature  damped  oscillations  appearing 
in  Figs.  76-77  but  not  in  Fig.  75. 

The  radiative  ignition  map  shown  in  Fig.  78  was  obtained 
by  numerical  computations  with  a  trapezoidal,  monochromatic 
and  perpendicularly  impinging  pulse  of  external  radiation. 

MTS  flame  was  implemented;  a  pressure  range  from  10  to  30  atm 
was  explored  for  both  optically  opaque  or  transparent  con¬ 
densed  phase.  The  results  obtained  show  that  the  ignition 
boundary  tends  to  be  a  straight  line  in  the  Ig/lg  plot  (time 
of  radiant  heating  vs  radiant  flux  intensity) .  However,  this 
straight  line  is  no  longer  valid  for  low  pressure  and/or  large 
radiant  flux  intensity.  Dynamic  extinction  associated  with  cut¬ 
off  of  the  radiant  source  made  ignition  impossible  at  10  atm 
and  large  radiant  flux;  it  was  found  necessary  to  decrease  the 
rate  of  the  radiant  source  cut-off.  Optical  transparency  makes 
ignition  more  difficult  (in  that  the  minimum  time  of  required 
radiant  heating  increases) ,  since  the  heating  effect  is  vol- 
umetrically  diluted.  All  these  effects  are  well  known  experi¬ 
mentally.  An  orientative  comprarison  with  experiemntal  data 
collected  in  Refs.  3  or  59  is  shown  in  Fig.  79:  the  solid  lines 
fitting  the  experimental  data  are  seen  to  correspond  surpris- 


ingly  well  with  the  computed  points.  Notice  that  the  compo¬ 
sition  with  no  carbon  should  be  less  opaque  to  radiation 
than  the  composition  with  1%  carbon. 

The  general  behavior  of  computed  ignition  transients 
is  shown  in  Fig.  80  where  surface  temperature,  flame  tempera¬ 
ture,  and  heat  feedback  are  plotted  vs  time  for  a  given  ra¬ 
diation  pulse.  Remark  that  numerical  modeling  of  ignition 
can  be  attempted  only  with  MTS  or  KTSS  nonlinear  flames.  How¬ 
ever,  in  the  very  low  burning  rate  region  it  was  found  neces¬ 
sary  to  tailor  these  flame  models  to  obtain  a  well  behaved 
limit  for  Gs  -*  0.  The  following  steps  were  taken  for  Qs  ^  Q^: 

0f  =  0s  (ef,k/ek> 


4  =  R 

Mg,s 


Q  ‘  C2  (0f  ‘  9s) 
c 


where  0f,k  is  obtained  from  Eq.  2.2.7  letting  0S  =  0^.  This 
minor  modification  should  work  with  any  suitable  flame  model 
and  makes  sure  that 


lim  6  (W,R)/R  =  0 

^  .n  y  '  s 


§  2.8.7  -  Further  computer  runs  on  dynamic  combustion  stability 

Computer  simulated  burning  transients  triggered  by  a  va¬ 
riety  of  pressure  and/or  radiation  pulses  are  being  performed. 
The  purpose  is  to  check  the  validity  of  the  analytical  predic¬ 
tions  in  the  case  of  forcinj  functions  of  arbitrary  shape  but 
levelling  off  in  time.  The  results  so  far  obtained  are  extre¬ 
mely  encouraging.  An  example  of  radiative  pulse  was  shown  in 
Fig.  66;  another  example,  dealing  with  pressure  pulse,  in 
discussed  in  Ch.  3  with  reference  to  shock  tube  experiments. 
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Sec.  2.9  -  STATS  OF  THE  ART  OF  THE  NONLINEAR  APPROACH 

The  problem  of  the  quasi-steady  gas  phase  burning  of  a 
solid  propellant  is  being  dealt  with  in  a  rather  general  form. 

In  order  to  retain  the  nonlinearity  of  the  problem,  an  approx¬ 
imate  formulation  in  terms  of  an  ODE  was  written.  This  was 
done  by  means  of  an  integral  approach  limited  to  situations 
in  which  no  inflection  point  in  the  history  of  the  condensed 
phase  thermal  profiles  would  occur.  It  is  shown  that  important 
facts  (see  below)  of  heterogeneous  combustion  may  be  ascertain¬ 
ed.  The  two  fundamental  regimes  of  static  (intrinsic  random 
perturbations)  and  dynamic  (externally  assigned  changes  of  the 
controlling  parameters)  stability  of  heterogeneous  flames,  al¬ 
lowing  for  finite  size  disturbances,  are  examined. 

The  following  facts  emerge  from  the  nonlinear  static  sta¬ 
bility  analysis.  For  a  given  set  of  parameters: 

1 .  a  stable  stationary  nonreacting  equilibrium  configuration 
(trivial  solution)  is  always  found. 

2.  a  stable,  stationary  (low  j Qs  ref|  and/or  large  pressure) 
or  self-sustained  oscillating  (large  IQS  ref|  and/or  low 
pressure)  ,  reacting  equilibrium  conf .iguration  may  be  found. 

3.  a  stable  stationary  reacting  equilibrium  configuration  is 
found  before  A-D  roots  coalescence  occurs. 

4.  self  -  sustained  oscillations  are  found  between  A-D  roots 
coalescence  and  B-D  roots  coalescence. 

5.  after  B-D  roots  coalescence,  no  stable  reacting  equilibrium 
solution  is  found. 

6.  the  static  burning  (stability)  boundary,  for  small  but  fi¬ 
nite  size  random  intrinsic  disturbances ,  is  the  locus  of 
A-B  roots  coalescence  at  fixed  pressure. 

7.  the  pressure  deflagration  limit,  for  small  but  finite  size 
random  intrinsic  disturbances,  is  the  locus  of  B-D  roots 
coalescence  obtained  by  lowering  the  pressure  for  fixed 
chemical  composition  (i.e.,  fixed  ref)  and  fixed  set  of 
operating  conditions. 

8.  the  static  stability  of  the  steady  state  equilibrium  confi¬ 
gurations  can  be  measured  by  the  slope  of  the  static  restor¬ 
ing  function  vs  surface  temperature  at  the  point  0S  of  inte¬ 
rest. 

9.  The  effect  of  the  relevant  parameters  can  be  easily  evaluat¬ 
ed  by  considering  the  corresponding  bifurcation  diagrams. 

The  following  facts  emerge  from  the  nonlinear  dynamic  sta¬ 
bility  analysis.  For  a  given  monotonic  or  pulsed  law  of  time- 
wise  decrease  of  the  controlling  parameters: 

1 .  extinction  may  occur  even  though  the  final  point  of  the  tran¬ 
sition  is  statically  stable. 

2.  the  lower  dynamic  stability  boundary, for  finite  size  distur¬ 
bances  consequent  to  timewise  changes  of  the  controlling  pa¬ 
rameters,  is  the  locus  of  the  statically  unstable  roots 
(B-type)  associated  with  the  final  operating  conditions.  It 
holds  true  instantaneously  for  monotonic  forcing  functions, 
asymptotically  for  pulsed  forcing  functions. 
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3.  the  lower  dynamic  stability  boundary  holds  true  both  for 
deradiation  and/or  depressurization  runs,  and  is  not  af¬ 
fected  by  the  details  of  the  specific  forcing  law  imple¬ 
mented. 

4.  upper  dynamic  instability  is  related  to  D  root  and  may 
cause  vigorous  acceleration  of  the  combustion  wave  or  dy¬ 
namic  extinction. 

The  following  facts  emerge  by  comparing  several  flame 
models : 

1.  the  KTSS  linear,  KZ,  and  LC  flame  models  are  physically 
meaningless  for  burning  rate  less  than  about  90%  of  the 
steady  value. 

2.  the  KTSS  nonlinear  flame  model  is  physically  questionable 
for  burning  rate  near  zero. 

3.  the  MTS  flame  model  is  in  principle  acceptable  over  the 
whole  range  of  burning  rate. 

The  following  facts  emerge  by  changing  the  order  n  of  the 
polynomial  approximating  the  disturbance  thermal  profile: 

1.  C  and  A  roots  are  not  affected. 

2.  B,  D,  and  E  roots  are  affected. 

3.  the  static  burning (stability)  boundary  can  be  predicted  in¬ 
dependently  of  n. 

4.  the  pressure  deflagration  limit  is  predicted  in  function 
of  n. 

5.  the  dynamic  stability  boundaries  (both  lower  and  upper)  are 
predicted  in  function  of  n. 

6.  the  polynomial  of  order  n=3  gives  accurate  results  up  to 
30  atm  of  final  pressure,  n  <  3  may  be  more  suitable  for 
larger  values  of  pressure.  This  point  is  not  yet  definitive 

The  physical  meaning  of  the  stability  boundaries  is  the 
following.  The  static  burning  (stability)  boundary  defines 
that  ultimate  burning  rate  or  surface  temperature,  for  a  given 
pressure,  below  which  steady  self-sustained  burning  is  no  lon¬ 
ger  allowed.  The  dynamic  stability  boundary  defines  that  ulti¬ 
mate  burning  rate  or  surface  temperature,  for  a  given  set  of 
operating  conditions,  below  which  extinction  necessarily  fol¬ 
lows.  The  fundamental  importance  of  this  distinction  is  stres¬ 
sed  by  the  fact  that,  under  dynamic  conditions,  the  propellant 
may  momentarily  burn  also  in  a  region  of  statically  forbiden 
configurations.  It  is  shown  that  the  dynamic  stability  boun¬ 
dary  collapses  to  the  range  of  influence  of  the  statically 
stable  equilibrium  configuration  when  the  rate  of  change  of 
the  externally  controlled  parameters  is  negligible.  The  pres¬ 
sure  deflagration  l.'mit  defines  that  ultimate  pressure,  for 
a  given  chemical  composition  and  set  of  operating  conditions, 
below  which  steady  self-sustained  burning  is  no  longer  allowed 

Notice  that  numerical  values  have  been  given  only  for  a 
particular  composite  propellant  (AP/PBAA  No.  941).  This  was 
done  simply  because  for  this  particular  propellant  properties 
and  good  flame  models  were  readily  available.  It  is  felt,  how¬ 
ever,  that  all  analyses  were  conducted  from  a  broad  point  of 
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view,  and  in  no  way  were  they  dependent  on  the  particular 
type  of  propellant  chosen  as  datum  case.  Therefore,  the  con¬ 
ceptual  results  are  expected  to  hold,  although  in  different 
ranges  of  the  relevant  parameters,  for  a  wide  variety  of  sol¬ 
id  propellants. 

In  particular,  the  nonlinear  stability  theory  of  hetero¬ 
geneous  t'hin  flames  developed  in  this  report  shows  that: 

1.  pressure  deflagration  limit  can  be  predicted  even  for 
adiabatic  combustion  waves. 

2.  self-sustained  oscillatory  burning  is  found  for  both  in¬ 
creasing  jQs,ref(  (at  a  fixed  pressure)  and  decreasing 
pressure  (with  a  fixed  chemical  composition) . 

3.  damped  oscillatory  burning  is  found  for  both  increasing 
|QS  ref  I  (at  a  fi-xcd  pressure)  and  decreasing  pressure  (with  a  fixed 
chemical  composition)  before  the  self-sustained  oscillatory 
burning. 

4.  the  effect  of  Cq/Cc  ^  1  is  appreciable  in  reducing  the  am- 
pl  itude  of  self -'sustained  oscillatory  burning. 

5.  the  effect  of  radiative  heat  loss  from  the  burning  surface 
is  negligeable. 

6.  ignition  transients  in  general  cannot  be  fully  predicted. 

7.  all  findings  have  a  clear  interpretation  in  the  standard 
pressure  vs  burning  rate  plot. 
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CHAPTER  3  -  EXPERIMENTAL  UNSTEADY  BURNING  RESULTS 

Sec.-  3.1  -  SHOCK  TUBE  EXPERIMENTS 

The  pressure  deflagration  limits  of  the  three  propellant 
formulations  under  consideration  (an  AF~ based  composite ,  a 
catalyzed  DB  and  a  noncatalyzed  DB)  were  determined  in  the 
actual  operating  conditions  of  the  shock  tube  (Fig.  81a). 

These  experiments  were  conducted  statically,  i.e.  a  propel¬ 
lant  sample  was  placed  in  the  test  section  of  the  shock  tube 
(end  wall)  and  ignition  was  attempted  by  means  of  an  elec¬ 
trically  heated  wire  (Fig.  81b).  The  ignition  was  considered 
successful  only  if  a  self-sustained  flame  would  develop.  The 
test  was  repeated  for  several  pressurizing  gases  (nitrogen, 
air,  oxygen)  and  for  ambient  pressure  parametr ically  changed. 
Results  for  the  composite  prop>el  lant  are  shown  in  Fig.  82 
(not  self-sustained  flame  means  that  a  visible  flame  would 
develop  but  disappear  immediately  after  an  electrical  heat¬ 
ing  of  several  seconds  duration)  .  The  samples  'were  cylindric¬ 
al  pellets  of  8  mm  diameter  and  about  10  mm  thickness.  Tests 
with  noncatalyzed  DB  samples  of  16  mm  diameter  did  not  show 
any  appreciable  difference. 

Samples  were  then  placed  at  the  same  location,  ignited 
by  an  electrically  heated  wire  and,  once  steadily  burning, 
subjected  to  shock  waves  of  different  strenght.  The  overall 
experimental  apparatus  is  sketched  in  Fig.  83.  The  light  e- 
mitted  by  the  burning  propellant  was  detected  by  means  of  a 
photodiode  directionally  selective  and  sensitive  in  the  visi¬ 
ble  and  near  infrared  (spectral  response  peak  at  0.8  ykm)  .  Sev¬ 
eral  tests  with  different  propellants,  ignition  pressures, 
pressurizing  gases,  and  shock  speeds  failed  to  show  conclusi¬ 
ve  trends  as  to  the  dynamic  burning  rate  behavior  (as  reveal¬ 
ed  by  the  light  emission).  The  basic  difficulty  is  the  fast 
succession  of  shock  waves  and  expansion  fans  impinging  on  the 
surface  of  the  burning  propellant  during  the  same  test.  For 
example,  see  Figs.  50-51  of  Ref. 8a  (in  which  the  period  of 
the  pressure  pulse  is  about  10  ms).  In  this  series  of  tests, 
complete  extinguishment  of  the  propellant  w as  never  achieved. 

In  order  to  overcome  the  problem  just  mentioned,  the  shock 
tube  was  slightly  modified  to  work  as  a  piston  tube.  At  pres¬ 
ent,  a  teflon  piston  weighting  150g  isused  (Fig. 84). In  this  o- 
perating  configuration,  a  longer  period  (about  50  ms)  of  the 
pressure  pulses  can  be  obtained  and,  in  general,  a  better  con¬ 
trol  of  the  whole  experimental  apparatus  is  possible.  A  series 
of  experiments  was  performed  with  the  piston  tube  in  order  to 
study  the  effects  of  compression  waves  on  a  burning  solid  pro¬ 
pellant.  Tests  were  conducted  with  two  different  propellants: 
an  AP-based  composite  and  a  noncatalyzed  double  base.  Samples 
of  propellant  were  located  on  the  end  wall  of  the  piston  tube 
and,  while  steadily  burning,  were  subjected  to  the  effects  of 
compression  waves.  The  tests  were  carried  on  with  different 
initial  conditions,  changing  the  initial  pressure  between 
0,5  and  1  atmosphere  and  with  three  different  test  gases  (ni- 


trogen,  air,  oxygen)  in  orrer  to  change  the  initial  concen¬ 
tration  of  oxygen. 

Preliminary  results  obtained  with  a  nonca talyzed  DB 
were  shown  in  Figs.  52-55  of  Ref. 8a,  in  those  runs  it  was 
observed  that  extinction  of  the  burning  sample  could  occur 
under  the  action  of  compression  waves.  Further,  systematic 
experimental  analysis  was  then  performed  with  a  noncatalyzed  DB 
and  a  composite  propellant  (AP/PVC) ;  a  detailed  description  of 
experiments  and  results  was  reported  in  Ref.  16.  It  was  confirm¬ 
ed  that  burning  stability  of  solid  propellants  can  be  very  much 
influenced  by  rapid  pressure  variations,  especially  in  the  pres¬ 
ence  of  oxygen  in  the  surrounding  atmosphere.  A  permanent  ex¬ 
tinction  of  the  burning  propellajit  was  observed  in  several  cases. 

A  further  series  of  experiments  at  the  piston  tube  r.i.g 
(Refs.  8b,  16)  was  performed  with  the  aid  of  high  speed  cinema¬ 
tography.  A  composite  propellant  (AP/PBHT) was  tested.  A  sketch  of  the 
experimental  apparatus  is  shown  in  Fig.  85 .  Samples  of  pro¬ 
pellant  (16  mm  diameter)  were  located  on  the  end  wall  of  the 
piston  tube  and,  while  steadily  burning,  were  subjected  to 
compression  waves.  The  initial  pressure  in  the  test  section 
was  1  atm  and  the  initial  concentration  of  oxygen  was  changed, 
using  three  different  test  oases  (nitrogen,  air,  oxygen) .  The 
maximum  pressure  reached  in  the  test  w as  of  the  order  of  130 
atm  and  the  duration  of  the  pressure  pulse  was  of  about  15  ms. 
During  each  run,  pressure  and  luminosity  were  measured  respec¬ 
tively  with  a  piezoelectric  pressure  transducer  (PCB-113  A) 
and  a  photodiode  (Hewlett-Packard  IIP  5082-4205);  moreover,  in 
order  to  better  visualize  the  combustion  phenomena,  high  speed 
color  movies  were  taken,  using  a  Hitachi  16  HD  camera  at 
speeds  ranging  from  3000  to  7000  pps. 

A  typical  series  of  photograms,  obtained  testing  in  air, 
is  reported  in  Fig.  86 ;  the  corresponding  pressure  and  lumi- 
nosity  traces  are  shown  in  Fig.  87.  The  photograms  show  a 
rapid  increase  of  burning  during  the  pressurization,  followed 
by  flame  detachment  and  extinction.  The  maximum  luminosity  is 
reached  while  the  pressure  is  still  increasing.  A  similar  be¬ 
havior  was  observed  in  ail  the  runs,  also  with  different  test 
gases.  Usually,  after  the  extinction,  the  propellcint  starts 
burning  again  under  the  effect  of  the  following  pressure 
pulses;  however,  in  some  instances  (about  5%  of  the  tests) the 
samples  of  extinguished  propellant  were  recovered  after  the 
run. 

Another  typical  feature  of  the  combustion,  observed  in 
the  tests,  is  a  very  sharp  decrease  of  flame  luminosity  oc- 
curing  during  the  pressurization;  this  is  reported  in  Fig. 88 
showing  tv/o  photograms  taken  at  an  interval  of  0.2  5  ms.  This 
effect  was  observed  in  all  the  tests. 


Both  the  photodiode  and  the  high  speed  camera  cannot 
show  clearly  what  is  going  on  near  the  surface  of  the  burn¬ 
ing  propellant,  because  they  see  the  luminosity  emitted  by 
the  burning  gases  in  the  whole  volume  ol  the  test  chamber. 

In  order  to  detect  the  combustion  near  the  propellant  sur¬ 
face,  a  different  technique,  based  upon  the  measurement  of 
gas  ionization,  was  tried.  A  schematic  layout  of  the  experimen¬ 
tal  setup,  for  the  measurement  of  the  ionization  near  the 
propellant  surface,  is  shown  in  Fig.  89  (the  propellant  'was 
placed  on  the  side  wail  for  assembling  convenience).  Two 
small  copper  wires  of  0.2  mm  diameter  were  placed  through 
the  propellant  sample,  divided  by  a  gap  of  3  mm  and  protrud¬ 
ing  about  0.5  mm  from  the  surface.  The  variation  of  resistance 
through  the  gap,  due  to  ionization,  was  measured  as  a  voltage 
and  recorded  during  the  tests.  A  typical  oscilloscope  trace 
corresponding  to  steady  burning,  is  shown  in  Fig.  90.  Results 
obtained  in  unsteady  conditions  with  the  piston  tube  are  re¬ 
ported  in  Fig.  91  and  Fig.  92.  Fig.  91  shows  a  sharp  increase 
of  ionization  corresponding  to  the  first  pressure  step,  fol¬ 
lowed  by  a  rapid  fall  to  zero,  with  pressure  still  increas¬ 
ing;  this  seems  to  confirm  the  occurence  of  an  extinction  of 
the  flame  at  the  propellant  surface;  by  comparison  with  the 
luminosity  trace  shown  in  Fig.  87,  it  can  be  seen  that  the 
falling  to  zero  of  the  ionization,  corresponds  to  the  mini¬ 
mum  of  luminosity  detected  by  the  photodiode.  Fig.  92  shows 
a  series  of  pressure  pulses  with  successive  extinctions  and 
reignitions . 

Computer  simulated  runs  were  also  performed,  within  the 
limitations  of  a  quasi-steady  flame  kinctically  non  modified 
by  the  pressure  pulses.  An  example  is  shown  in  Fig.  93. 
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See.  3.2  -  DEPRESS URIZ ATT  ON  EXPERIMENTS 

Depressurization  runs  were  realized  in  a  pressurizable 
combustion  chamber,  about  350  cm3  volume,  connected  to  the  am¬ 
bient  atmosphere  by  means  of  exhaust  valves.  A  first  series  of 
data  was  performed  with  a  relatively  large  (12.7  mm  oriiice 
diameter)  valve  manually  operated.  A  second  scries  of  data  was 
performed  combining  several  solenoid  valves  (orifice  diameter 
ranging  from  1.2  to  4.0  nun)  simultaneously  operated.  The  third 
and  last  series  of  data  was  performed  with  the  same  combina¬ 
tion  of  solenoid  valves,  but  in  addition  a  closed  loop  circuit 
was  implemented  to  keep  the  combustion  pressure  constant  prior 
to  the  aibrupt  opening  of  the  solenoid  valves.  All  runs  wore  re¬ 
alized  at  ambient  temperature  by  exnausting  to  atmospheric  pres 
sure.  Next  serie  of  depressurization  data  will  be  collected 
with  the  final  pressure  parametrically  changed. 

The  combustion  chamber  contains  the  ignition  system  (a 
nichrome  wire  of  0.8  mm  diameter) ,  a  strand  fuse  wire  system 
to  measure  the  steady  state  burning  rate  of  the  propellant 
prior  to  depressurization,  two  plexiglass  windows  for  direct 
observation  of  the  relevant  phenomena.  The  propellant  samples 
are  cylinders,  about  6  x  50  mm,  cut  from  a  relatively  large- 
grain.  The  lateral  surface  is  inhibited  to  combustion  by  suc¬ 
cessive  coatings  of  teflon  spray,  dope,  and  teflon  spray.  Ex¬ 
tinguished  samples  showed  a  very  flat  burning  surface.  All  runs 
were  performed  with  an  AP/PVC  composition  burning  in  a  nitrogen 
atmosphere.  Details  about  the  experimental  apparatus  and  proce¬ 
dure  are  given  in  Ref.  5  (burning  rate  measurement,  and  data  pro¬ 
cessing),  Ref.  14  (closed  loop  circuit  for  constant  combu¬ 
stion  pressure)  and  Ref. 15  (depressurization  combustion  cham¬ 
ber)  . 

After  pressurizing  the  combustion  chamber  (up  to  about 
40  atm  in  the  results  to  be  presented  here)  and  igniting  the 
propellant  sample,  enough  time  is  allowed  to  create  a  steady 
heterogeneous  deflagration  wave.  The  steady  state  burning  ra¬ 
te  is,  then,  measured  by  means  of  (typically)  three  fuse  wires. 
When  the  last  fuse  wire  is  burnt,  the  combustion  chamber  is  sud 
dcnly  exhausted  to  atmospheric  pressure.  The  pressure  drop  is 
of  exponential  nature  for  solenoid  valves,  more  rounded  for  ma¬ 
nual  valves  (see  Fig.  94).  The  overall,  qualitative  but  import¬ 
ant,  result  of  extinction  or  continued  burning  is  observed. 

Usually,  the  following  parameters  are  measured  and/or  re¬ 
corded  by  means  of  a  multichannel  (UV  sensitive  paper)  galvano- 
metric  recorder:  the  ignition  current  and  time;  the  flame  appea 
ranee  by  means  of  photodiode;  the  combustion  pressure  by  a  wa¬ 
ter  cooled,  piezoelectric  transducer;  the  initial  steady  state 
burning  rate  by  means  of  a  standard  fuse  wire  technique  and  u- 
sing  the  recorder  time  marker. 

Experimental  results  obtained  from  depressurization  tests 
of  AP/PVC  samples,  from  some  initial  pressure  to  atmopheric 
pressure,  are  summarized  in  Fig.  95.  This  is  a  [jdP  (t) /dt;maj.  vs 
Pj  plot,  as  already  done  by  several  investigators  in  the  past. 
However,  according  to  our  non  linear  burning  stability  theory, 
no  special,  meaning  whatsoever  is  attached  to  the  maximum  depres 
sur ization rate.  The  fate  of  a  depressurization  test,  extinction 
vs  continued  burning,  rather  is  the  integrated  result  of  the 
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whole  history  of  the  burning  propellant  "(initial  conditions,  de¬ 
pressurization  lav/,  etc.).  The  critical  boundary,  as  defined  in 
Sec.  2.7,  is  a  local  property  of  the  burning  propellant;  but 
whether  it  will  be  reached  or  not  depends  on  the  previous  hi¬ 
story  of  the  burning  propellant.  Obviously,  high  jdPtt) /d£mPX 
for  exponential  depressurization  implies  that  the  v/hole  transi¬ 
ent  is  faster  and  this  favors  dynamic  extinction.  Experimental¬ 
ly,  different  depressurization  transients  were  obtained  by  chang 
ing  the  total  exhaust  orifice  area  (e.g.,  by  simultaneous  ooera- 
tion  of  more  or  less  solenoid  valves).  On  a  linear  [dP  ( t )  /d  h'raax 
vs  Pi  plot,  a  straight  boundary  is  found  to  separate  quite  neat¬ 
ly  the  extinxtion  from  the  continued  burning  region. 

A  summary  of  experimental  results  obtained  in  this  paper, 
by  Merkle  (Ref.  23),  and  Von  Elbe  (Ref.  24)  in  shown  in  Fig. 96. 
Remark  that  the  maximum  depressurization  rate  occurs  at  mid  de¬ 
pressurization  for  manual  valves  but  at  the  very  beginning  of 
the  depressurization  history  for  solenoid  valves.  Depressuriza¬ 
tion  rates  Were  measured  by  considering  the  time  required  for 
pressure  to  drop  from  (P^  -  1)  atm  (Pf  +  1)  atm  for  manual  val¬ 
ves.  For  a  fair  comparison  one  should  consider  depressurization 
rates  about  3  times  .Lower.  Even  so,  the  two  plots  found  in  this 
work  do  not  correspond.  With  the  same  maximum  depressur ization 
rate,  the  depressurization  history  of  Fig.  34b  is  more  effective 
than  the  exponential  depressurization  of  Fig.  94a  in  extinguish¬ 
ing  the  sample .  This  spectrum  of  results  is  not  surprising  from 
the  point  of  view  of  our  theory,  rather  is  welcome.  Indeed  this 
offers  another,  and  perhaps  more  reliable,  way  to  compare  close¬ 
ly  experimental  and  theoretical  results.  For  lack  of  time,  no 
detailed  results  of  this  comparison  will  be  given  here. 

However,  remember  that  the  agreement  between  analytical 
and  numerical  results  was  already  successful.  The  numerical 
approach  is  able  to  reproduce  depressurization  transients  for 
several  aspects  more  detailed  than  any  experimental  informa¬ 
tion.  The  qualitative  aspects  of  the  numerical  solutions  agree 
with  experimental  information.  Figures  such  as  Fig.  95  can  be 
constructed  numerically  as  well;  this  is  in  our  opinion  the 
first  and  perhaps  more  meaningful  task  of  any  close  comparison 
in  tliis  area.  Remark  that  extinction  was  assumed  to  occur  in 
the  numerical  solutions  when  unbounded  decrease  of  burning  rate 
toward  zero  was  observed;  this  in  turn  occurs  when  the  analyti¬ 
cally  predicted  lower  dynamic  stability  boundary  is  crossed. 
Comparing  experimental  and  computed  boundaries  (between  extinc¬ 
tion  ana  continued  burning)  in  Fig.  95  shov/s  that  resistance  to 
dynamic  extinction  is  larger  than  predicted.  Better  flame  mod¬ 
els  and/or  more  realistic  description  of  the  properties  shall 
be  implemented  in  order  to  attempt  to  bridge  the  gap. 

Obviously,  the  most  wanted  piece  of  information  is  the  burn 
ing  rate  history  during  depressurization  transients.  Unfortuna¬ 
tely,  no  reliable  experimental  technique  is  available  yet.  An 
up-to-date  review  of  experimental  methods  measuring  transient 
combustion  response  was  recently  offered  (Ref.  93) ;  in  particu¬ 
lar,  a  microwave  phase  shift  technique  seems  to  be  promising 
(Ref.  94). 
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cat.a 

AMS  -  Aerospace  and  Mechanical  Sciences  Department 
AP  -  Ammonium  Perchlorate  (NH^ClO^) 
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BC  -  Boundary  Condition 
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Optical  properties  evaluated  at  10.6  urn. 
Values  taken  from  Refs. 29,  82,  86-87. 


ASSUMED  OR  MEASURED  PROPERTIES 

AP  crystal  transition  heat,  Qcr 
AP  vaporization  heat,  Qv 
AP  decomposition  heat,  Q^/pa 
Binder  vaporization  heat,  Qv  nrW- 
AP  weight  fraction,  p 
Ballistic  burn  rate  exponent,  n 
Pyrolysis  law  pressure  power,  rig 
KTSS  pyrolysis  law  pcwer,  w 
Surface  activation  temperature,  E s/fe 
Flame  activation  temperature,  Ef  A 
K2  flame  reaction  order,  3 
Condensed  density,  Pc 
Condensed  specific  heat, 

Condensed  thermal  diffusivityjO^. 

Gas  thermal  conductivity,  k„  _ 
Average  product  molecular  weight, 
Optical  surface  reflectivity,  r\ 
Optical  volumetric  scattering, 

Minimum  temperature  for  reactions,  Tm 
Matching  temperature  for  pyrolysis, 

COMPUTED  PROPERTIES 

Net  surface  heat  release,  Qs,ref 
Condensed  thermal  conductivity,  kc 
MTS  chemical  time  constant,  Am 
MTS  diffusion  time  constant,  Bm 

/adiabatic  flame  temperature,  T^(P) 

REFERENCE  PROPERTIES 

Pressure,  Pref 

Temperature,  Tref 

Burning  Rate,  it  ref  =  (Pref) 

Surface  temperature ,  Ts  t ref  =  Ts (Pref) 
Flame  temperature,  Tf;ref  =  Tf (Pref) 
Distance,  xref  =  «c/ # ref 
Time,  tref  =  °c/ ^2ref 
Heat,  Qref  =  Cc  (Ts ,ref  “  Tref) 

Energy  flux,  Iref  =  PcCc  ^ref <TS f ref  “ 
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6.800  E+01  atm 
3.000  E+02  K 
8.370  E-01  cm/s 
1.000  E+03  K 
2.430  E+03  K 
1.673  E-03  cm 
1.998  E-03  s 
2.310  E+02  cal/g 

’  r)  2.978  E+02  cal/cm2  s 
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Steady  surface  temperature  dependence  on  surface  heat  release  in  the  pressure 
range  10  to  60  atm.  MTS  flame  with  %  =  0.338  and  %  =  2.350;  <Z^/ZC  =1  ,e  =  0. 
KTSS  nonlinear,  KTSS  linearized,  and  LC  recover  the  experimental  curve. 
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TABLE  8a 


Stabilizing  effect  of  large  radiant  flux  and  destabilizing  effect 
of  large  surface  beat  release  or  ambient  temperature  on  stability 
strength  of  steady  reacting  solutions.  Nonlinear  static  restoring 
function  evaluated  from  MTS  flame  with  n=3  at  standard  conditions 
(P=30  atm,  Ta=300  K) ,  cy'C^-1,  e  =  0. 


Io,cal/cm2  s 

Q  _,ca.l/g 
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TABLE  8c 


Compared  effect  of  the  approximating  polynomial  order  on  stability 
strong tii  of  steady  reacting  solution  according  to  Lyapunov.  Nonli¬ 
near  static  restoring  function  evaluated  for  MTS  flame  at  standard 

conditions  (0,  ,,--158.2  cal/g,T  =300  K,adiabatic  burning)  ,  C  /C  -  1 ,  e 
s  /  rer  ci  y  c 


( 

P,atm  | 

n  =  2 

(df/des>es 

n  =  3 

n  =  4 

10  j 

+0.18 

-0.54 

-1.01 
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-2.10 

-2.76 
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-  2 . 2  9  (O") 
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-3.61 

-4.92 

-5.69 

TABLE  8d 


Compared  effect  of  specific  heat  ratio  on  stability  strength  of  steady 
reacting  solution  according  to  Lyapunov. Nonlinear  static  restoring  func¬ 
tion  evaluated  for  MTS  and  KTSS  nonlinear  flaires  at  standard  conditions 
(<3  ,  =-158.2  cal/g,  T  =300  K,  adiabatic  burning) and  e=0.75. 

S  /  iTGI  a 


Pressure 

(df/des)-s 

1 

P,  atm 

Flams  Model 

5 

II 

— * 

_ 

ycc  - 

yec-  1.24 

MTS 

-0.54 

-0.66 

-0.81 

10 

KTSS  NL 

-0.75 

-0.62 

-0.49 

MTS 

-2.10 

-2.48 

-2.88 

20 

KTSS  NL 

-2.29 

-2.26 

-2.22 

MTS 

-3.53 

-4.14 

-4.72 

30 

KTSS  NL 

-3.86 

-3.91 

-3.95 

MTS 

-4.92 

-5.49 

-6.28 

40 

KI'SS  NL 

-5.40 

-5.51 

-5.61 

MTS 

-6.02 

-6.71 

-7.62 

50 

KTSS  NL 

-6.91 

-7.05 

-7.17 

MTS 

-7.27 

-7.99 

-8.44 

60 

KTSS  NL 

-8.37 

-8.54 

_ 

-8.65 

TABLE 


TABLE  10 


Computer  simulated  go/ no-go  tests  showing  agreement  with  the  predicted  lower 
dynamic  stability  boundary. All  runs  performed  wi  tli  Ta-300K and  Qs,ref  =  -158.2 
cal/g.  KTSS  linear,  KZ,  arid  LC  flame  models  do  not  include  extinction. 


final 

optical 

■ 

C 

pressure 

P,atm 

forcing  law 

absorption 

a.-cm-l 

rate 
coeff . 

flame 

model 

-3. 

c 

c 

minimum 

surface  temperature 

X 

numerically 

nredictod 

observed 

(n=3) 

10 

linear  deradiation 

CO 

100 

MTS 

1.00 

0.627 

r — - ■ — 

0.618 

10 

bilinear  deradiation 

oo 

100/20 

MTS 

1.00 

0.626 

0.613 

10 

parabolic  deradiation 

00 

640 

MTS 

1.00 

0.625 

0.618 

10 

(exponential  deradiation 

CO 

5 

MTS 

1.00 

0.627 

0.618 

10 

exponential  deradiation 

oo 

10 

MTS 

1.00 

0.619 

0.618 

10 

exponential  deradiaticn 

2000 

10 

MI'S 

1.00 

0.610 

0.618 

10 

exponential  deradiation 

1000 

10 

MTS 

1.00 

0.618 

0.618 

10 

exponential  deradiation 

500 

10 

MTS 

1.00 

0.620 

O 

— x 

CO 

j  10 

exponential  depressuriz. 

NAp* 

10 

MTS 

1.00 

0.615 

0.618 

!  10 

exponential  depressuriz. 

NAp 

variable 

MTS 

1.00 

0.621 

0.618 

1  10 

i 

simultaneous  exponential 
depress,  and  deradiation 

OO 

10/10 

MTS 

1.00 

0.622 

0.618 

:  io 

sequential  exponential 
depress,  and  deradiation 

00 

10/10 

MI’S 

1.00 

0.624 

0.618 

20 

linear  deradiation 

00 

200 

MTS 

1.00 

0.655 

0.647 

20 

exponential  deradiation 

CO 

10 

MTS 

1.00 

0.649 

0.647 

20 

exponential  deradiation 

CO 

10 

KTSS 

nonl. 

1.00 

0.632 

0.610  : 

20 

linear  deradiation 

2000 

500 

MI’S 

1.00 

0.660 

0.647 

20 

linear  deradiation 

1000 

500 

MTS 

1.00 

0.690 

0.647 

30 

exponential  deradiation 

oo 

10 

MTS 

1.00 

0.685 

0.663  j 

40 

exponential  deradiation 

CD 

10 

MI’S 

1.00 

0.706 

0.674  | 

10 

parabolic  deradiation 

00 

200 

MTS 

1.12 

0.601 

0.611  j 

20 

parabolic  deradiation 

CO 

200 

MTS 

1.12 

0.680 

0.638 

40 

linear  deradiation 

CO 

1000 

MTS 

1.12 

0.679 

0.665 

10 

trapezoidal  radiation 

CO 

200 

MTS 

1.00 

0.619 

0.618 

10 

trapezoidal  radiation 

CO 

variable 

MTS 

1.00 

0.612 

0.618 

20 

trapezoidal  radiation 

oo 

200 

MTS 

1.00 

0.638 

0.647 

(x)  NAp  stands  for  not  applicable 
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(*■)  values  taken  at  the  7th  cycle 

(i)  NAp  stands  for  not  applicable 
O)  NAv  stands  for  not  available 
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la  -  Schematic  diagram  of  the  physical  problem. 

1b  -  Schematic  diagram  of  energy  balance  at  burning  sur¬ 
face  : 

2a  -  Evaluating  the  gas  phase  constants  required  in  MTS 
flame  (composite  propellant  AP/HTPB) . 

2b  -  Evaluating  the  gas  phase  constants  required  in  MTS 
flame  (composite  propellant  AP/PBAA  No.  941). 

3  -  Effect  of  fitting  pressure  range  on  the  MTS  gas 

phase  constants. 

4  -  Steady  state  dependence  on  pressure  of  MTS  flame 

parameters . 

5  -  Steady  state  dependence  on  pressure  of  KTSS  nonli¬ 

near  flame  parameters. 

6  -  Diffusive,  kinetic,  and  total  heat  feedback  law  ac¬ 

cording  to  MTS  flame. 

7  -  Compared  heat  feedback  laws  according  to  linearized 

and  nonlinear  KTSS  flames. 

8  -  Compared  heat  feedback  laws  according  to  MTS  and  li¬ 

nearized  KTSS  (or  KZ  or  LC)  flames. 

9  -  Working  map  (burning  rate  vs  heat  feedback)  accord¬ 
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10  -  Effect  of  ambient  temperature  on  heat  feedback  ac¬ 

cording  to  MTS  flame. 

11  -  MTS  steady  burning  rate  affected  by  surface  heat  re¬ 

lease  (for  given  values  of  gas  phase  constants) . 

12a-  Qualitative  sketch  of  the  nonlinear  static  restoring 
function,  for  different  pressure  values,  illustrat¬ 
ing  the  existence  of  three  equilibrium  configura¬ 
tions:  Aj_  and  B-^  (for  the  reacting  mode),  C  (for  the 
unreacting  mode).  Roots  B^  are  statically  unstable. 

The  branching  value  0g  , at  fixed  pressure,  can  be 
approached  only  by  increasing  heat  loss  from  the 
burning  propellant  or  decreasing  ambient  temperature. 

12b-  Qualitative  sketch  of  the  nonlinear  static  restoring 
function,  for  increasing  surface  heat  release,  illu¬ 
strating  the  appearance  of  a  second  pair  of  roots, 

D  and  E,  for  the  reacting  mode  (upper  dynamic  insta¬ 
bility)  .  Similar  effect  is  obtained  by  decreasing 
pressure . 

13  -  Stabilizing  effect  of  pressure  on  both  reacting  modes. 

MTS  flame,  n  =  3,  Cg/Cc  =  1. 

14  -  Stabilizing  effect  of  residual  radiant  flux  intensity 

on  lower  dynamic  stability  boundary.  MTS  flame,  n=3, 

Vcc  - 1  • 

15a-  Destabilizing  effect  of  large  surface  energy  release 
on  upper  dynamic  stability  boundary.  MTS  flame,  n=3, 
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15b-  Coalescence  of  A-D  roots  for  Qs  =-190  cal/g  at  30 
atm;  the  steady  reacting  mode  is  stationary  for 
|QS;<  190  cal/g  and  self-sustained  oscillating  for 
Qs  >  190  cal/g.  MTS  flame,  n  =  3,  C  /C  =  1. 
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18  -  Negligible  influence  of  ambient  temperature  on  non¬ 

linear  static  restoring  function  (for  the  indicated 
range  of  values) .MTS  flame,  n  =  3,  Cg/Cc  =  1. 

19  -  Stabilizing  effect  of  pressure  on  both  reacting 

modes.  KTSS  nonlinear  flame,  n  =  3.  C/C  =  1. 

9  c 

20  -  Destabilizing  effect  of  large  surface  heat  release 

on  static  restoring  function.  KTSS  nonlinear  flame, 
n  =  3,  Cg/Cc  =  1. 

21  -  KTSS  linearized  flame  (or  KZ  or  LC)  applying  for 

surface  temperatures  near  or  above  the  steady  react¬ 
ing  value.  C/C  =  1,  n  =  3. 

9  c 

22  -  Compared  static  restoring  functions  for  MTS,  KTSS 

nonlinear,  KTSS  linearized  (or  KZ  or  LC)  flames. 

VC=  =  V  n  =  3. 

23  -  Effect  of  the  approximating  polynomial  order  on 

static  restoring  function  at  10  atm  of  pressure. 

MTS  flame,  Cy/Cc  =  1. 

24  -  Effect  of  the  approximating  polynomial  order  on  stat¬ 

ic  restoring  function  at  20  atm  of  pressure.  MTS 

flame,  C  /C  =  1. 
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25  -  Effect  of  the  approximating  polynomial  order  on  stat¬ 

ic  restoring  function  at  30  atm  of  pressure.  MTS 

flame,  C  ,/C  =1. 

g  c 

26  -  Effect  of  the  approximating  polynomial  order  on  stat¬ 

ic  restoring  function  at  40  atm  of  pressure.  MTS 

flame,  C/C  =  1. 

y  c 

27  -  Negligible  effect  of  Cg/Cc  /  1  on  gas  phase  working 

map.  KTSS  nonlinear  flame,  Cg/Cc  =  1.12  or  1. 

28  -  Important  effect  of  Cg/C„  /  1  on  static  restoring 

function  in  the  region  of  upper  burning  instability. 
MTS  flame,  n  =  3,  Cg/Cc  =  1.12  or  1. 

29  -  Static  instability  of  burning  propellants  for  large 

surface  heat  release.  MTS  flame,  Cg/Cc  =  1. 

30  -  Approximate  construction  of  the  static  burning  (sta¬ 

bility)  boundary  and  its  meaning.  MTS  flame, C  /C  =1. 

y  ^ 

31  -  Rigorous  construction  of  the  static  burning  (stabili¬ 

ty)  boundary  for  Qg  =-120  cal/g.  MTS  flame,  Cg/Cc  =  1* 


Fig.  32  -  Rigorous  construction  of  the  static  burning  (stabi¬ 
lity)  boundary  for  Q  =-158.2  cal/g.  MTS  flame, 

Vco  =  1- 

Fig.  33  -  Rigorous  construction  of  the  static  burning  (stabi¬ 
lity)  boundary  for  Qs  =-200  cal/g.  MTS  flame ,C  /Cc=1 . 

Fig.  34  -  Evaluating  the  static  burning  limit  through  the 

static  restoring  function  at  20  atm  of  pressure.  MTS 

flame,  n  =  3,  C/C  =  1. 

y  c 

Fig.  35  -  Evaluating  the  static  burning  limit  through  the  stat¬ 
ic  restoring  function  at  30  atm  of  pressure.  MTS 

flame,  n  =  3,  C/C  =  1. 

y  c 

Fig.  36  -  Evaluating  the  static  burning  limit  through  the  stat¬ 
ic  restoring  function  at  40  atm  of  pressure.  MTS 

flame,  n  =  3 ,  C  /C  =  1. 

g  c 

Fig.  37  -  Evaluating  the  static  burning  limit  through  the  stat¬ 
ic  restoring  function  at  50  atm  of  pressure.  MTS 
flame,  n  =  3,  Cg/Cc  =  1. 

Fig.  38a-  Representative  time  histories  of  burning  rate  during 
deradiation  showing  possible  occurrence  of  a  recovery 
point. 

Fig.  38b-  Corresponding  trajectories  in  burning  rate  vs  heat 
feedback  plane. 

Fig.  38c-  Nomenclature  used  for  deradiation  transients. 

Fig.  38d-  Nature  of  nonautonomous  function  for  monotonic  decay 
of  externally  controlled  parameters. 

Fig.  39  -  The  range  of  possible  unstable  equilibrium  points  in 
dynamic  burning  regime  is  limited  by  the  no-return 
point  Bf  (the  unstable  ‘root  associated  to  the  static 
restoring  function  for  x+°°)  . 

Fig.  40  -  Static  burning  'and  dynamic  stability  boundaries  on  a 

burning  rate  vs  heat  feedback  plot.  MTS  flame,  n  =  3, 

C  /C  =  1 • 
g  c 

Fig.  41  -  Bifurcation  diagram  at  10  atm  of  pressure.  MTS  flame, 
n  =  3,  Cg/Cc  =  1. 

Fig.  42  -  Bifurcation  diagram  at  20  atm  of  pressure.  MTS  flame, 

n '  3'  Vcc  -  '• 

Fig.  43  -  Bifurcation  diagram  at  30  atm  of  pressure.  MTS  flame, 
n  =  3/  Cg/Cc  =  1. 

Fig.  44  -  Bifurcation  diagram  at  40  atm  of  pressure.  MTS  flame, 
n  =  3,  Cg/Cc  =  1. 

Fig.  45  -  Bifurcation  diagram  at  50  atm  of  pressure.  MTS  flame, 
n  =  3'  Cg/Cc  =  1* 

Fig.  46  -  Bifurcation  diagram  at  60  atm  of  pressure.  MTS  flame, 
n  =  3,  Cg/Cc  =1. 

Fig.  47  -  Bifurcation  diagram  at  30  atm  of  pressure.  MTS  flame, 
n  =  3,  Cg/Cc  =  1.12. 
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Fig.  48  - 


Fig.  49  - 


Fig. 

50  - 

Fig. 

51a- 

Fig. 

51b- 

Fig. 

52  - 

Fig. 

53  - 

Fig. 

54  - 

Fig. 

55  - 

Fig. 

56  - 

Fig. 

57  - 

Fig. 

58  - 

Fig. 

59  - 

Fig. 

60  - 

Fig. 

61  - 

Surface  temperature  vs  pressure  plot  for  Qs  =-180 
cal/g  predicting  existence  of  stationary  reacting 
solution,  damped  oscillatory  burning,  self-sustain¬ 
ed  oscillatory  burning,  and  no  stationary  reacting 

solution.  MTS  flame,  n  =  3,  C  /C  =1. 

g  c 

Burning  rate  vs  pressure  plot  for  Q  =-158.2  cal/g 
predicting  static  burning  (MTS  flame)  and  dynamic 
stability  limits  (MTS  and  KTSS  nonlinear  flames, 
n  =  3) .  Stationary  reacting  solution  (experimental 
and  MTS  fitting  with  AM  =  0.338,  B  M  =  2.350),  damp¬ 
ed  oscillations  self-sustained  oscillations,  and 
pressure  deflagration  limit  are  shown  too.  Cg/Cc=1 . 

Numerical  molecules  implemented  for  numerical  solu¬ 
tions  , 

Flow  chart  of  overall  computer  code. 

Flow  chart  of  subroutine  FLAME. 

Go/no-go  computed  exponential  deradiation  tests 
showing  occurrence  of  dynamic  extinction  (B  =  5)  at 
10  atm  of  pressure.  MTS  flame,  Cg/Cc  =  1. 

Go/no-go  computed  exponential  deradiation  tests  show 
ing  occurrence  of  dynamic  extinction  (Br  =  10)  at  10 
atm  of  pressure.  MTS  flame,  C  /Cc  =  1. 

Computed  dynamic  extinction  following  linear  deradia 
tion  at  10  atm  of  pressure  (opaque  condensed  phase). 
MTS  flame,  Cg/Cc  =  1. 

Computed  dynamic  extinction  following  bilinear  dera 

diation  at  1 0  atm  of  pressure  (opaque  condensed 

phase).  MTS  flame,  C  /C  =  1. 

y  c 

Computed  dynamic  extinction  following  parabolic  dera 

diation  at  10  atm  of  pressure  (opaque  condensed 

phase).  MTS  flame,  Ca/C  =  1. 

y  c 

Computed  dynamic  extinction  following  exponential  de 

radiation  at  10  atm  of  pressure  (opaque  condensed 

phase).  MTS  flame,  C  /C  =1. 
r  g'  c 

Computed  dynamic  extinction  following  exponential  de 
radiation  at  20  atm  of  pressure  (opaque  condensed 
phase).  MTS  flame,  Cg/Cc  =  1. 

Computed  dynamic  extinction  following  exponential  de 
radiation  at  30  atm  of  pressure  (opaque  condensed 
phase).  MTS  flame,  Cg/Cc  = 

Computed  dynamic  extinction  following  exponential 
deradiation  at  40  atm  of  pressure  (opaque  condensed 
phase).  MTS  flame,  Cg/Cc  =  1. 

Computed  dynamic  extinction  following  exponential 
depressurization  from  a  parametrically  changed  ini¬ 
tial  pressure.  MTS  flame,  C  /C  =  1. 

y  c 


1 1  3 


Fig.  62 

Fig.  63 

Fig.  64 

Fig.  65 

Fig.  66 
Fig.  67 

Fig.  68 

Fig.  69 

Fig.  70 

Fig.  71 
Fig.  72 

Fig.  73 

Fig.  74 

Fig.  75 


Computed  dynamic  extinction  following  exponential 
depressurization  with  a  parametrically  changed  de¬ 
pressurization  rate.  MTS  flame,  C  /C  ~  1. 

9  c 

Computed  dynamic  extinction  following  exponential 
deradiation  at  10  atm  of  pressure  (t-ansparont  con¬ 
densed  phase,  a=500  cm-!).  MTS  flame,  Ca/C„  =  1. 

Computed  dynamic  extinction  following  simultaneous 
deradiation  (opaque  condensed  phase)  and  depressu¬ 
rization.  MTS  flame,  C  /C  =  1. 

g  c 

Computed  dynamic  extinction  following  consecutive 
deradiati on  (opaque  condensed  phase)  and  depressu¬ 
rization.  MTS  flame,  C  /C  =1. 

g  c 

Computed  dynamic  extinction  following  a  radiation 

pulse  (opaque  condensed  phase).  MTS  flame,  C  /C  =1 . 

g  c 

Computed  pressurization  tests  showing  no  oscillato¬ 
ry  burning  for  low  values  of  surface  heat  release. 

MTS  flame,  C  /C  =1. 

g  c 

Computed  pressurization  tests  showing  oscillatory 
burning  or  extinction  for  large  values  of  surface 
heat  release.  MTS  flame,  C  /C  =  1. 

Computed  pressurization  tests  showing  three  possi¬ 
ble  static  regimes  (stationary  after  damped  oscil¬ 
lations  for  Qs  =-180  cal/g,  self-sustained  oscil¬ 
lating  for  Qs  =-200  cal/g,  extinguished  for  Qs  =-220 
cal/g).  MTS  flame,  C^/Cc  =  1. 

Computed  pressurization  tests  showing  self-sustained 

oscillatory  burning  for  KTSS  nonlinear  flame  (Qs  = 

-180  cal/g) . C  /C  =  1 . 

9  c 

Computed  frequency  and  amplitude  of  radiation  assist 

ed  self-sustained  oscillations.  MTS  flame,  C  /C  =  1 

g  c 

Computed  dynamic  extinction  following  parabolic  de- 

radiation  at  10  atm  of  pressure  (opaque  condensed 

phase).  MTS  flame,  C  /C  =  1.12. 

9  c 

Computed  pressurization  tests  showing  three  possi¬ 
ble  static  regimes  (stationary  after  damped  oscil¬ 
lations  for  Qs,ref  =-190  cal/g,  self-sustained  oscil 
lating  for  Qs  rof  =-209  cal/g,  extinguished  for 
Qs , ref  ^"210  cal/g).  MTS  flame,  C  /Cc  =  1.12. 

Computed  pressurization  test  showing  three  possi¬ 
ble  static  regimes  (stationary  after  damped  oscil¬ 
lations  for  Pf  =  8  atm,  self-sustained  oscillating 
for  Pf  =  3  atm,  extinguished  for  Pf  =  1.9  atm).  MTS 

flame ,  C  / C  =1.12. 
g  c 

Computed  radiative  ignition  tests  showing  dynamic  ex 

tinction  following  radiation  source  cut-off.  MTS 

flame ,  C  /C  =  1 . 
g  c 
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Fig. 

76  - 
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Fig. 
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Fig. 

79  - 

Fig. 

80  - 

Fig. 

81  a- 

81b- 

Fig. 

82  - 

Fig. 

83a- 

Fig. 

83b- 

Fig. 

84  - 

Fig. 

85  - 

Fig. 

86  - 

Fig. 

87  - 

Fig. 

88  - 

Fig. 

89  - 

Fi  cj . 

90  - 

Fig. 

91  - 

Fig. 

92  - 

Fig. 

93  - 

Fig. 

94  - 

Computed  radiative  ignition  tests  showing  sharp 

burning  peak  associated  with  prolonged  heating  at 

low  radiant  flux  intensity.  MTS  flame,  C  /C  =  1. 

*  g  c 

Computed  radiative  ignition  tests  showing  success¬ 
ful  ignition  for  surface  temperature  forced  close 
to,  but  less  than,  lower  dynamic  combustion  stabili¬ 
ty  limit.  MTS  flame,  C  /C  =1. 

g  c 

Computed  radiative  ignition  map  showing  importance 

of  dynamic  burning  at  low  pressure  and/or  large 

radiant  flux.  MTS  flame,  C'/C  =  1. 

g  c 

Experimental  vs  computed  (MTS  flame,  Cg/Cc  =  1)  ra¬ 
diative  ignition  map  showing  agreement  in  the  tested 
range  of  operating  conditions. 

Computed  radiative  ignition  test  with  detailed  hi¬ 
story  of  relevant  variables.  MTS  flame,  C  /C  =1. 

g  c 

Sketch  of  shock  tube  apparatus. 

Sketch  of  shock  tube  test  section. 

Static  pressure  deflagration  limits  of  the  tested 
composite  propellant  as  measured  in  the  shock  tube 
test  section. AP/PVC. 

Schematic  layout  of  overall  experimental  apparatus. 

Nomenclature  used  in  the  schematic  layout. 

Piston  used  in  the  shock  tube  apparatus. 

Sketch  of  the  experimental  apparatus  with  high  speed 
camera . 

Typical  series  of  photograms  of  AP  propellant  burning 
in  air.  AP/PBHT . 

Pressure  and  luminosity  traces  of  the  test  of  Fig. 86. 

Sharp  decrease  of  luminosity  during  depressurization 
of  AP  propellant  burning  in  air.  AP/PBHT. 

Experimental  set-up  for  ionization  measurement  at  the 
propellant  burning  surface. 

Oscilloscope  trace  of  ionization,  steady  burning  of 
AP  propellant.  AP/PBHT, 

Pressure  and  ionization  traces  during  unsteady  burn¬ 
ing  of  AP  propellant;  single  pressure  pulse.  AP/PBHT. 

Pressure  and  ionization  traces  during  unsteady  burn¬ 
ing  of  AP  propellant;  multiple  pressure  pulses  .AP/PBHT. 

Computed  response  of  burning  composite  propellant  to 

piston  tube  pressurization  (unreacting  atmosphere) . 

MTS  flame,  C/C  =  1.  AP/PVC. 
y  c 

Sketch  illustrating  experimental  pressure  decay  of 
depressurization  strand  burner  when  solenoid  val¬ 
ves  (top)  or  manual  valves  (bottom)  are  used. 
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Fig. 
Fig . 


95  -  Computed  and  experimental  boundaries,  between  ex¬ 

tinction  and  continued  burning,  vs  initial  pressure. 

96  -  Compared  experimental  boundaries,  between  extinction 

and  continued  burning,  vs  initial  pressure  obtained 
from  several  investigators. 
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NOMENCLATURE  FOR  FIG.  83 

A  :  Diaphragm 
B  :  Coils 

C  :  Pressure  transducers 

D  :  Driver  section 

E  :  Pick-up 

F  :  Test  chamber 

G  :  Charge  amplifiers 

H  :  Amplifier 

I  :  Smith  trigger 

L  :  Timer 

M  :  Multiplexer 

N  :  Resistors 

O  :  Photodiodes 

P  :  Igniter 

Q  ;  Oscilloscopes 


Fig.  65  sketch  of  the  experimental  apparatu 


Fig .£>6  t>  (end) 


Upper  trace:  pressure, p  =  20  atm/div 
Lower  trace:  photodiode 
t  =  5  ms/div 


PHOTODIODE 


Fig.  &$  Experimental  setup  for  the  measu 
the  ionization  at  the  propellant 
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Fig.  go 

Steady  burning 
t  =  5  ms/div 


Fig.  q-f 
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Fig.  9a 

t  =  20  ms/div 
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CHAPTER  4  -  LASER-OPTICAL  TECHNIQUES 
Sec.  4.1  -  INTRODUCTION 

Several  nonperturbing  laser-based  optical  techniques 
were  developed  to  measure  the  condensed  phase  burning  rate, 
the  velocity  profiles  in  the  gaseous  region  near  the  combu¬ 
stion  surface, and  the  size  of  the  particles  carried  away  by 
the  gas  in  the  plume  of  the  burning  solid  propellant. 

The  Laser  Doppler  Velocimetry  (LDV)  was  chosen  to  mea¬ 
sure  the  velocity  profiles  in  the  gaseous  region  near  the 
burning  surface  of  a  solid  propellant.  The  main  reason  of 
this  choice  is  the  fact  that  the  usual  intrusive  measuring 
techniques  are  of  little  help  in  a  high  temperature  reactive 
medium  with  large  thermal  gradients. 

Plow  visualization  techniques,  like  Schlieren  optical 
systems,  shadograph  and  Mach-Zender  interferometer  methods, 
give  an  integrated  picture  through  the  flow  region.  This 
makes  quantitative  analysis  of  results  extremely  difficult. 
Hot-wire  anemometers  and  Pitot  tubes  cannot  be  applied  to 
reactive  media. 

It  is  now  well  established  that  LDV  technique  has  import¬ 
ant  advantages  over  more  conventional  techniques  both  for  theo¬ 
retical  and  experimental  reasons.  These  fundamental  advantages 
are  indicated  by  the  enormous  research  effort  which  has  gone 
into  their  development  over  the  last  decade  and  by  the  num¬ 
ber  of  commercial  systems  which  have  become  available.  The 
most  important  theoretical  results  required  for  relating  the 
system  outputs  to  the  fluid  flow  parameters  have  now  been  for¬ 
mulated  (Refs.  1,2  and  3). 

Despite  the  complexity  of  a  satisfactory  theoretical  mod¬ 
el  of  the  LDV,  the  output  from  this  instrument  is  linearly  re¬ 
lated  to  the  velocity  by  a  simple  formula  and  no  problem  is 
concerned  with  calibration.  The  major  advantage  of  the  LDV  is 
the  high  spatial  and  temporal  resolution  associated  with  the 
fact  that  the  instrument  measures  the  component  of  velocity  in 
a  specified  direction.  Hence  this  technique  can  be  used  in  ve¬ 
ry  high  turbulence  flows  and  in  unsteady  situations. 

To  determine  the  solid  propellant  burning  rate  many  la¬ 
ser-based  optical  techniques  were  tested  in  steady  state  con¬ 
figurations  up  to  10  atm.  Results  showed  the  possibility  of 
accurate  measurements  of  the  instantaneous  solid  propellant 
burning  rate  vs  time,  but  some  residual  problems  are  to  be 
solved.  They  are  related  to  the  strong  background  light  emis¬ 
sion  of  some  propellants  and  the  requirement  that  the  burning 
surface  remains  flat  and  horizontal  during  the  measurement. 

Sec.  4.2  -  LASER  DOPPLER  VELOCIMETRY 

The  basic  principle  involved  in  Laser  Doppler  Velocime¬ 
try  is  the  Doppler  frequency  shift  of  a  monochromatic  and  co¬ 
herent  light  beam  scattered  by  micrometric  particles  suspend¬ 
ed  in  a  moving  medium. 


The  Doppler  frequency  shift  is  normally  resolved  by  he¬ 
terodyning  the  scattered  light  with  a  reference  beam  on  the 
surface  of  a  photodetector  (reference  beam  LDV) .  Alternati¬ 
vely,  scattered  waves  coming  from  two  incident  beams  can  be 
heterodyned  (differential  LDV) .  The  resulting  light  intensi¬ 
ty  and,  hence,  the  photocurrent  will  be  modulated  at  the  Dop¬ 
pler  frequency  (Refs.  1-3): 

(4.2.1)  fD  =  2U  sin  (  3/2^X 

where  U  is  the  particle  velocity  component  perpendicular  to 
the  bisector  of  the  illuminating  cross-beams;  K=2n/X  is  the 
v/ave  vector;  X  is  the  wavelength  of  the  laser  beam  and  3  is 
the  angle  between  the  two  cross-beams  (see  Fig.  4.1).  The 
crossing  region  of  the  two  illuminating  beams  defines  the 
geometrical  probe  volume  of  the  LDV  system  that  depends  on 
the  cross  angle  and  the  focal  length  of  the  focusing  lens. 

The  effective  measuring  volume  has  a  more  complicate  defini¬ 
tion,  depending  on  the  magnification  of  the  collection  op¬ 
tics,  its  angular  position,  y ,  and  aperture, Q.  Amplification 
and  triggering  level  of  the  electronics  have  to  be  also 
considered. 

In  all  the  optical  configurations , two  laser  beams  are 
focused  onto  a  specified  point  in  the  flow  and  light  is  scat¬ 
tered  by  small  tracer  particles,  as  they  pass  across  this 
point. 

The  differential  LDV  mode  is  most  commonly  used  because 
of  its  higher  signal  to  noise  characteristics  at  moderate  par¬ 
ticle  concentrations.  Moreover,  this  type  of  LDV  system  is  the 
best  suited  for  individual  realization  velocimetry  and  paral¬ 
lel  particle  size  analysis.  It  is  not  difficult  to  realize 
the  situation  in  which  the  Doppler  signal,  that  is  available 
for  processing,  is  produced  by  no  more  than  one  particle  in 
the  probe  volume  at  a  time.  In  fact,  it  is  possible  to  adjust 
the  ’  be  volume  dimensions,  both  in  diameter  and  in  length, 
by  selecting  the  proper  cross-beam  angle  and  the  magnifica¬ 
tion  of  the  light  collecting  system.  The  main  advantage  of 
the  differential  LDV  is  that  it  is  quite  simple  to  align  and 
is  not  sensitive  to  small  vibration.  Also,  the  Doppler  fre¬ 
quency  is  independent  of  the  detection  angle  and  a  large  col¬ 
lection  aperture  can  be  used  without  a  spread  of  Doppler  fre¬ 
quency. 

A  picture,  which  is  often  used  to  describe  this  system, 
is  the  so  called  "fringe  model"  that  involves  visualising  a 
set  of  interference  fringes  produced  by  two  incident  laser 
beams  in  their  cross  region.  The  Doppler  signal  is  produced 
by  light  scattered  from  particles  crossing  the  intersection 
of  the  illuminating  beams  (probe  volume) ,  when  the  scatter¬ 
ed  light,  collected  through  a  receiving  lens,  reaches  a  photo¬ 
multiplier  (see  Fig.  4.1). 


Since  the  LDV  requires  the  presence  in  the  air  flow  of 
microscopic  particles,  this  complicates  the  use  of  the  tech¬ 
nique  considerably.  In  fact,  these  particles,  naturally  pre¬ 
sent  or  seeded  in  the  flow,  should  be  in  size  and  density  such 
as  to  follow  the  flow  field.  Thus, for  accurate  measurements  of 
turbulence  of  unsteady  flows,  some  check  of  particle  dynamics 
must  be  made.  The  capability  of  particles  to  follow  the  gas 
flow  can  be  roughly  estimated  from  the  Bassett's  general  e- 
quation  (Refs.  4  and  5).  On  the  assumption  that  the  particle 
density  P_  is  larger  than  the  gas  density  pg >  the  Bassett's 
equation  ^reduces  to 

(4.2.2) 


where 

(4.2.3) 
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being  Up  and  Ug  the  particle  and  gas  velocities;  d  the  parti¬ 
cle  diameter  and  y  the  gas  viscosity. 

The  parameter  x  has  the  meaning  of  a  relaxation  time  for  a 
particle  of  diameter  d  subjected  to  a  spatial  velocity  gra¬ 
dient.  The  evaluation  of  x  necessitates  the  knowledge  of  the 
particle  density  and  size  distribution. 

In  unsteady  flows  the  LDV  instrument  must  be  treated  as 
a  transducer  for  which  the  transfer  function  is  determined 
by  the  dynamics  of  tracer  particles.  This  is  a  disadvantage 
of  considerable  importance  in  air  flows  where  seeding  with 
particles  of  known  size  is  not  likely  to  be  feasible. 

The  performance  of  an  LDV  system  strongly  depends  not 
only  on  the  size  distribution,  but  also  on  the  concentration 
of  scattering  particles.  In  fact,  their  number  density  has  to 
be  high  enough  to  obtain  good  time  resolution  of  the  velocity 
measurement.  It  must  be  noted  that  the  time  resolution  of  LDV 
depends  on  the  particle  rate,  n,  across  the  measuring  volume, 
hence  on  the  particle  concentration,  N,  the  mean  particle  ve¬ 
locity  U  and  the  effective  probe  volume  cross  section,  S; 

(4.2.4)  n  =  a  N  U  S 


where  a  is  an  efficiency  factor  taking  into  account  amplifi¬ 
cation  and  triggering  level  of  the  electronics.  To  obtain  a 
quasi-continuos  velocity  information,  a  sufficiently  large 
number  of  scattering  particles  (2-1 0s  m  *"3 )  is  required. 

In  fact,  since  the  particles  arrive  randomly,  the  data 
obtained  are  randomly  collected,  with  an  approximately  Poisson 
distribution  of  time  instants.  Time  resolution  could  be  limit¬ 
ed  by  the  above  mentioned  characteristics,  but  it  can  be  good 
enough  if  particle  number  density  is  high. 


In  conclusion  size  distribution  and  concentration  of 
scattering  particles  are  two  important  factors  in  LDV,  ex- 
pecially  in  unsteady  flows.  For  better  time  resolution  and 
velocity  measurement  accuracy,  we  need  that  particle  rate 
is  high  and  size  distribution  is  within  limited  bounds. 

Our  LDV  experiments  were  performed  by  using  as  scat¬ 
tering  centers  the  particles  present  in  the  plume  of  the 
burning  solid  propellant  sample.  No  external  seeding  was 
used  in  order  to  avoid  any  disturbance  of  the  combustion 
processes.  Preliminary  experiments  showed  that,  generally, 
sufficiently  high  particle  rates  are  found  in  the  region 
near  the  burning  surface. 

The  LDV  system  comprises  a  5  mW  He-Ne  laser  and  a  beam 
splitter  with  variable  beam  separation,  which  allows  contin¬ 
uous  variation  of  the  cross-beam  angle.  The  two  different  pa¬ 
rallel  laser  beams  were  directed  toward  the  lens  L^ ,  in  such 
a  way  that  one  laser  beam  was  centered  on  the  lens  axis. 

This  beam  is  not  diverted  from  its  horizontal  direction, 
but  focused  on  the  focal  point  (on  the  axis  of  the  strand 
burner)  .  The  second  beam  is  impinging  on  the  lens  L-|  at  a 
distance  h  from  the  axis,  and  is  deflected  and  focused  in 
the  same  focal  point.  The  crossing  region  defines  the  probe 
volume  of  the  LDV  system  and  the  velocity  component  in  the 
vertical  direction  can  be  measured.  With  the  geometry  of 
Fig. 4.2  the  measured  velocity  component  is  not  exactly  the 
axial  one;  however  the  difference,  of  the  order  of  sin 
(p/2),  is  not  significant  for  small  p  . 

The  receiving  optics  of  the  LDV  system  comprises;  the 
lens  h2 /  fixed  on  the  burner  window,  that  collects  the  ra¬ 
diation  scattered  in  the  forward  direction;  the  lens  L3 
thac  is  movable  and  focuses  the  scattered  light  on  a  0.3 
mm  pinhole  in  front  of  a  photomultiplier.  This  is  equip¬ 
ped  with  an  interferential  optical  filter,  centered  at 
632.8  ±  1.0  nm  (the  laser  wave-length).  ,  in  order  to  reject 
flame  emission. 

The  photopultiplier  signal  is  processed  by  an  electro¬ 
nic  counter  processor  (DISA  mod.  55L90)  that  allows  working 
with  variable  particle  concentration  and  does  not  have  drop¬ 
out  problems.  Moreover,  it  has  a  large  dynamic  range  and  no 
slewrate  limitations;  it  accepts  individual  signals  and  de¬ 
termine  the  correct  Doppler  frequency,  hence,  the  particle 
velocity.  Proper  use  of  this  instrument  would  require  rejec¬ 
tion  of  multiple  particle  signals,  because  od  random  phase 
fluctuations  which  will  lead  to  incorrect  velocity  measure¬ 
ments  (Ref.  6).  This  requirement  can  be  generally  satisfied 
by  proper  reduction  of  the  probe  volume  dimensions. 


Sec.  4.3  -  PARTICLE  SIZING 

The  feasibility  of  "in  situ"  particle  sizing  in  hostile 
environments  by  non-intrusive  techniques  is  still  questiona¬ 
ble.  Recently,  Farmer  et  al.  (Ref.  7)  compared  a  new  particle 
sizing  interferometer  and  a  commercial  optical  counter  in  roc- 
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ket  exhaust, but  results  suggest  that  no  one  particle  size 
instrument  can  give  convincing  measurement. 

Attempts  to  solve  the  problem  of  the  determination  of 
particle  size  distribution  have  been  performed  by  using  many 
techniques,  but  their  use  in  hostile  environments  is  general¬ 
ly  difficult.  Measurement  of  the  light  scattered  by  droplets 
or  solid  particles,  using  a  laser  source,  can  be  used  for 
"in  situ"  particle  sizing.  The  angular  dissymmetry  of  the 
scattered  light  intensity,  the  dependence  of  the  scattered 
intensity  on  incident  light  polarization  and  the  light  ex¬ 
tinction  were  used  in  determining  small  carbon  particulate 
size  distribution  (Refs.  8  and  9). 

A  system  able  to  simultaneously  determine  the  size  and 
the  velocity  of  individual  fuel  droplets  is  of  considerable 
interest  in  combustion  and  thus  particular  attention  was  de¬ 
voted  by  many  research  workers  to  the  analysis  of  the  scat¬ 
tering  phenomena  involved  in  the  LDV  system.  It  was  demon¬ 
strated  that  a  particle  crossing  the  intersection  of  two 
laser  beams  scatters  a  modulated  light  signal  containing 
many  informations:  a)  its  modulation  frequency  is  proportio¬ 
nal  to  the  particle  velocity;  b)  its  signal  amplitude  and 
the  A.C.  amplitude  divided  by  the  mean  amplitude  are  relat¬ 
ed  to  particle  diameter. 

A  forward  scattering  LDV  system  and  predictions  of  mean 
scattered  light  power,  made  by  using  geometric  optics  theory, 
were  used  to  demonstrate  that  an  unambiguous  one-to-one  rela¬ 
tionship  can  be  obtained  between  signal  amplitude  and  particle 
diameter  for  non  absorbing  particles  in  the  diameter  range  30 
to  240  urn  (Ref.  10).  The  main  disadvantage  of  this  method  is 
the  need  of  a  calibration  of  the  signal  amplitude  vs  particle 
diameter.  This  is  not  a  problem  if  the  ratio  between  A.C.  and 
mean  aplitudes  is  considered.  This  ratio  is  called  visibility 


(4.3.1) 
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where  IMax , Imin ,D , and  P  are  defined  in  Fig.  4.1 

The  first  derivation  of  the  visibility  function  was  made 
by  Farmer  (11)  under  the  assumption  of  paraxial  scattering. 
Robinson  and  Chu  (12)  used  scalar  diffraction  theory  to  deter¬ 
mine  the  forward  scattered  fields.  More  recently,  Bacholo  (13) 
extended  the  visibility  model  to  allow  off-axis  light  collec¬ 
tion  and  to  cover  a  wide  size  range  of  5  ym  to  5  mm,  by  using 
geometric  optics  theory. 

A  more  rigorous  analysis  requires  the  use  of  the  Mie  theo¬ 
ry  for  scattering  by  spherical  particles  illuminated  by  two  co¬ 
herent  beams  (Refs.  14,15,16  and  17).  In  this  case  any  off-axis 
light  collection  direction  and  aperture  can  be  considered,  but 
Mie  formula  calculations  must  be  performed  by  large  computers 
which  are  capable  of  evaluating  the  lenghthy  series  of  Bes¬ 
sel  functions  and  Legendre  polynomials  involved. 

It  is  normally  accepted  (Refs.  14,15,16,17  and  18)  that 
the  single  particle  Doppler  signal  can  be  accurately  predicted 
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on  the  basis  of  the  Mie  scattering  theory.  The  general  expres¬ 
sion  of  the  Doppler  photocurrent,  produced  by  a  single  parti¬ 
cle  crossing  the  geometric  center  of  the  probe  volume,  is  gi¬ 
ven  by 


(4.3.2)  i (t) 


^o 

K 


|  P(d,cp)  +  D  (  5 ,  <p)  cos 


where  n  is  detector  sensitivity ,  2nfD,  and  the  two  inci¬ 

dent  beams  are  assumed  to  have  equal  intensities  Iq.|  =  Iq2  =I0 
The  term  P  represents  the  "pedestal"  amplitude  of  the  current 
(Fig.  4.1)  while  D  represents  the  Doppler  amplitude  and  T  de¬ 
termines  the  phase  of  the  scattered  intensity.  P,  Djand'i’are 
integral  quantities,  integrated  over  the  collecting  solid  an¬ 
gle,  fi,of  the  receiving  optics.  They  depend  on  the  direction 
of  detection  (  0,  cp)  i.e.  the  axis  of  the  collecting  aperture, 
and  are  defined  in  terms  of  the  complex  amplitude  functions 
given  by  the  Mie  theory  (Refs.  19,20  and  21). 


The  quantities  P,  D  and  V  depend  only  on  the  scattering 
properties  and  size  of  the  particle  (for  a  fixed  LDV  geome¬ 
try)  ,  whereas  the  photocurrent  is  a  time-varying  function  of 
the  particle  position  in  the  probe  volume.  Indeed,  a  moving 
fringe  pattern  is  seen  by  the  detector  due  to  two  beam  inter¬ 
ference  and  particle  motion. 


The  fringe  contrast  or  visibility  is  defined  by  Eq. 
4.3.1  ;  the  exact  dependence  of  V  on  particle  diameter,  d, 
can  be  numerically  obtained  through  P  and  D  evaluated  by  a 
computer  code  (Ref.  17)  based  on  Mie  scattering  formula.  It  is 
possible  to  express  the  visibility  in  a  functional  form 


(4.3.3)  V  =  V(5^-,  m,  -i,  £2,y,S) 

where  d  is  the  diameter  of  the  scattering  particle,  m  is  the 
complex  refractive  index  of  the  particle, 3  is  the  cross-angle 
of  the  two  laser  beams,  X  is  the  laser  wavelenght,  y  and  £ 
are  angles  defining  the  position  of  the  axis  of  the  collecting 
aperture,  Q  is  the  collecting  solid  angle  and  6  =X/  (2  sin  (3/2)). 

It  can  be  noted  that  visibility  depends ,  among  the  other 
parameters,  on  the  diameter  of  scattering  particles.  The  prac¬ 
tical  application  of  the  method  for  particle  sizing  is  based 
on  the  hypothesis  that  in  the  range  of  interest  visibility  is 
sensitive  to  particle  diameter  and  an  unambiguous  one-to-one 
relation  V(d)  can  be  defined.  Because  of  the  large  number  of 
possible  arrangements  of  the  parameters  appearing  in  Eq.  4.3.3; 
it  is  quite  impossible  to  give  a  complete  representation  of  the 
visibility  behavior.  A  wide  theoretical  analysis  of  the  useful 
range  of  utilization  of  the  visibility  method  was  performed 
(Ref.  22)  and  it  was  found  that  in  forward  scatter,  with  small 
cross-beam  and  collecting  angles,  the  refractive  index  of  the 
particle  has  no  significant  influence  and  a  one-to-one  corre- 
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spondence  between  visibility  and  particle  diameter  can  be 
obtained  up  to  about  80  um. 

Some  experimental  results  reported  in  the  literature 
showed  the  possibility  of  parallel  measurements  of  indivi¬ 
dual  particle  velocity  and  size  (Refs.  14,17,18,23,24  and 
25) .  Applicationsinclude  particle  size  measurements  from 
calibrated  monodisperse  aerosols,  polydisperse  fuel  sprays 
in  combustion  and  dusts  in  the  atmosphere. 

Since  the  first  work  of  Farmer  (Ref. 11)  the  particle 
sizing  technique  based  on  visibility  received  more  and  more 
attention  by  different  workers  and  many  comparative  tests 
were  performed  in  order  to  establish  the  correct  interpre¬ 
tation  model  of  experimental  data.  Nevertheless,  the  abso¬ 
lute  reliability  of  this  technique  is  not  yet  well  establi¬ 
shed.  The  major  problem  is  related  to  experimental  complex¬ 
ity  of  real  time  visibility  measurements,  but  some  theoreti¬ 
cal  uncertainty  still  remain.  The  problem  is  complicated  by 
the  absence  of  alternative  reliable  techniques  for  real  time 
in  situ  particle  sizing. 

At  the  CNPM  we  have  been  involved  in  preliminary  stu¬ 
dies  on  this  subject  and  it  was  demonstrated  (Ref.  23  and  24) 
that  the  visibility  technique  can  be  also  used  in  flames  of 
liquid  sprays  with  an  high  background  luminosity.  But  no 
comparative  confirmation  can  be  obtained  by  other  experimen¬ 
tal  procedures. 

A  knowledge  of  particle  size  distribution  will  be  of 
fundamental  importance  for  accurately  measuring  gas  phase 
flow  field  associated  with  a  burning  solid  rocket  propellant 
in  unsteady  conditions,  because  of  the  large  velocity  gradi¬ 
ents.  In  fact,  if  the  natural  particles  (carried  away  by  the 
gas  in  the  plume  of  the  burning  solid  propellant)  are  used  as 
scatterers it  would  be  necessary  to  correlate  velocity  and 
size  of  each  particle,  before  validation  of  the  velocity  mea¬ 
surement,  in  order  to  be  sure  that  the  observed  particle  is 
adequately  following  the  gas  flow. 

Sec.  4.4  -  EXPERIMENTAL  APPARATUS 

A  steady  state  strand  burner,  with  two  symmetrical  and 
opposite  optical  windows,  was  specifically  designed  for  LDV 
experiments.  The  operating  pressure  range  is  1  to  10  atm. 

A  computerized  data  acquisition  and  processing  system  was  al¬ 
so  realized.  The  apparatus  has  been  applied  to  a  steadily 
burning  solid  propellant,  with  the  purpose  of  exploring  the 
possibility  of  future  applications  to  unsteady  situations. 
Several  tests  of  preliminary  nature  were  performed  using 
double-based (DB)  (both  catalyzed  and  noncatalyzed)  and  ammo¬ 
nium  perchlorate  (AP)  based  composite  solid  propellants.  The 
differential  mode  of  operation  was  used  for  the  LDV  instru¬ 
ment,  with  observation  in  the  forward  direction  (Fig. 4. 2). 


The  experimental  conditions  are  now  schematically  de¬ 
scribed.  Initially,  the  rod  of  solid  propellant,  centered 
on  the  axis  of  the  burner,  shuts  out  the  two  incident  laser 
beams.  When  the  rod  burns,  its  surface  goes  down  and  at  the 
instant  tQ  the  horizontal  beam  is  allowed  to  pass.  After  a 
delay  At,  the  second  beam  is  also  passing  and  the  scattered 
light  with  Doppler  informations  is  received  by  the  photomul¬ 
tiplier.  A  triggering  signal,  coming  out  from  the  photodiode 
(P.D.)  intercepting  the  horizontal  beam,  precisely  difines 
the  instant  tQ.  From  this  the  instantaneous  axial  position 
of  the  LDV  probe  volume,  with  respect  to  the  burning  surface, 
can  be  inferred  by  comparison  of  the  time  delay  and  the  pro¬ 
pellant  burning  rate.  The  strand  burner  is  also  equipped  for 
simultaneous  measurements  of  the  propellant  burning  rate  and 
the  instantaneous  pressure  (Ref.  26)  . 

The  delay  At  can  be  related  to  a  dead  zone,  above  the 
burning  surface,  in  which  LDV  measurements  cannot  be  made, 
as  shown  in  Fig.  4. 3. The  dead  zone  thickness  h  depends  on  the 
cross-beams  angle  3  and  on  the  radius  r  of  the  solid  propel¬ 
lant  rod: 


(4.4.1)  hsrr*tg3 

For  example,  with  r=3  mm  and  3=4.7°  it  will  result:  h  CTO.  25  mm, 
that  is  of  the  order  of  the  probe  volume  transverse  dimension 
(see  Table  4.1).  By  increasing  the  3  angle  the  probe  volume 
dimensions  are  reduced,  but  the  dead  zone  thckness  will  be 
larger. 

The  burning  rate  of  the  solid  propellant  was  initially 
measured  by  standard  techniques  (Ref.  26) .  Later  on,  a  new 
technique  was  developed  on  the  non  perturbing  laser  system 
shown  in  Fig. 4.4.  The  beam  of  a  5  mW,  He-Ne  laser  was  enlarg¬ 
ed  by  a  beam  expander,  passed  through  a  variable  diaphragm 
and  directed  on  the  sample  of  the  solid  propellants.  The  beam 
radius  was  chosen  less  than  the  solid  propellant  radius,  there¬ 
fore  the  whole  beam  is  initially  stopped.  When  the  burning  sur¬ 
face  goes  down,  an  increasing  portion  of  the  laser  beam  is 
transmitted  and  then  collected  on  a  photodiode  by  means  of  a 
focusing  lens.  A  Centronic  Quadrant  Detector  was  used,  since 
this  kind  of  photodiode  allows  a  linear  relationship  between 
the  voltage  output  and  the  displacement  of  the  burning  surface. 
A  calibration  curve  referring  to  an  illuminating  beam  diameter 
of  3.5  mm  is  shown  in  Fig.  4.5.  The  ordinate  is  the  photodiode 
voltage  output  and  the  abscissa  is  the  solid  sample  displace¬ 
ment  referred  to  an  arbitrary  position.  The  curve  was  obtained 
by  means  of  a  non  burning  sample  of  propellant  displaced  by  a 
micrometer  screw  in  steps  of  0.2  mm.  Obviously,  accurate  mea¬ 
surements  of  the  solid  propellant  burning  rate  require  that 
the  burning  surface  remains  flat  and  horizontal.  The  advantage 
of  this  technique  is  its  non  perturbing  character  and  contin¬ 
uous  output  over  the  fixed  spatial  range.  For  example,  it 
points  out  any  change  of  the  burning  rate  during  the  LDV  measu¬ 
rements. 
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With  propellants  characterized  by  a  strong  light  emis¬ 
sion  an  interferential  optical  filter  was  used  in  front  of 
the  photodiode,  but  when  testing  AP  propellants  it  was  ne¬ 
cessary  to  account  for  the  radiation  emitted  by  the  burning 
propellant  also  into  the  bandpass  of  the  optical  filter. 
Therefore,  a  rotating  shutter  (chopper)  was  inserted  into 
the  incident  laser  beam  (see  Fig.  4.4).  In  conjunction  with 
a  look-in  amplifier,  it  allowed  the  synchronous  subtraction 
of  the  background  radiation  and  permitted  accurate  measure¬ 
ments  . 


Sec.  4.5  -  EXPERIMENTAL  RESULTS 

Many  teste  were  made  with  the  experimental  conditions 
summarized  in  Table  4.1.  If  the  pass-band  filtered  Doppler 
signal,  relative  to  a  single  scattering  particle,  satisfies 
a  number  of  validation  conditions,  in  terms  of  amplitude 
level  and  signal  to  noise  ratio,  the  counter  processor  mea¬ 
sures  the  Doppler  frequency  by  means  of  a  zero  crossing 
method. 

Four  modes  of  operation  of  the  counter  can  be  selected. 
In  this  case,  with  a  relatively  poor  signal  to  noise  ratio, 
the  best  suited  mode  is  characterized  by  a  2-level  valida¬ 
tion  and  5/8  comparison.  When  the  Doppler  burst  exceeds  a 
pre-set  threshold  level,  the  counter  proceeds  to  measure 
first  5  and  then  8  cycles  of  the  burst  and  compares  the  re¬ 
sults.  If  these  differ  by  less  than  a  preset  amount,  the 
second  count  is  validated  and  transferred  to  a  buffer  in¬ 
terface  (DISA,  mod.  57G20) .  This  was  required  in  order  to 
transmit  correctly  data  to  the  computer.  Because  the  data 
are  coming  randomly  from  the  LDV  system  and  very  short  in¬ 
tervals  may  occur  between  samples,  which  exceeds  the  data 
transfer  capabilities  of  the  syncroneous  transfer  of  data 
to  the  computer,  a  buffer  memory  is  an  integral  part  of 
the  interface.  The  DISA  buffer  interface  can  be  used  as  a 
transient  recorder.  After  storage  in  the  buffer,  the  data 
in  digital  form  can  be  read  out  via  the  parallel  interface 
under  control  of  the  computer. 

The  DISA  counter  delivers  three  words  of  data: 

a)  the  Doppler  frequency; 

b)  the  time  interval  between  successive  samples; 

c)  the  number  of  fringes  traversed  by  the  scattering  particles 

All  this  information  is  of  great  importance  in  the 
further  processing,  if  data  have  to  be  corrected  for  velo¬ 
city  bias  errors  (Ref.  6)  and  the  timing  of  input  data 
must  be  reconstructed. 

The  data  acquisition  and  processing  system  was  based 
on  a  DIGITAL  PDP  11/03  minicomputer,  equipped  with  32 
K-words  of  memory,  a  dual  floppy  disc  unit,  a  teletype,  a 
parallel  interface  board,  and  a  12  bit  A/D  converter  with  a 
multiplexer  that  can  accomodate  up  to  16  single-ended  inputs 
and  a  programmable  real  time  clock. 


A  special  software  was  used,  intended  for  transfer 
of  data  from  the  buffer  interface  to  the  computer  and  a 
correct  interpretation  of  results  for  use  in  a  high  level 
language.  A  large  group  of  Fortran* programs  were  than  used 
for  statical  reduction  of  results  and  graphical  representa¬ 
tion. 

LDV  experiments  were  preliminarly  performed  by  using 
as  scattering  centers  the  particles  present  in  the  plume 
of  the  burning  solid  propellant.  These  experiments  showed 
that,  in  general,  sufficiently  high  particle  rates  are 
found  in  the  region  near  the  burning  surface. 

During  preliminary  experiments,  the  velocity  time 
history  was  monitored  by  a  storage  oscilloscope,  after  D/A 
conversion  of  the  output  of  the  Doppler  counter  processor. 
Fig.  4.6  shows  a  typical  oscilloscope  record  in  which  each 
point  corresponds  to  a  single  particle  velocity  measurements 
Oscilloscope  record  is  triggered  by  the  photodiode  signal 
(upper  trace)  and  the  time  span  corresponds  to  a  displace¬ 
ment  of  less  than  0.5  mm  above  the  burning  surface.  The  pro¬ 
pellant  is  a  noncatalyzed  Double  Base  (DB)  burning  at  a  pres¬ 
sure  of  5  atm. 

In  Fig.  4.7  is  shown  the  velocity  trace  of  a  sample  of 
the  same  propellant  (lower  trace) ,  but  the  record  is  cover¬ 
ing  a  larger  time  interval.  The  upper  trace,  in  this  case, 
refers  to  the  pressure,  measured  by  means  of  a  Kistler 
quartz  transducer  mod.  412,  equipped  v/ith  a  Kistler  Charge 
Amplifier  mod.  5001.  The  pressure  scale  is  1  atm/div.  It  can 
;  o  noted  a  slight  time  variation  of  the  pressure  from  the  i- 
mtial  value  of  4  atm  to  a  final  value  of  4.8  atm.  At  this 
o'unt  the  velocity  trace  indicates  the  end  of  the  burning 
rod  of  propellant. 

Fig.  4.8  refers  to  a  test  with  an  AP  based  composite 
propellant  at  a  nearly  constant  pressure  of  7.5  atm. 

It  can  be  noted  that  large  variations  with  sharp  gradi- 

■  nts  characterize  the  velocity  of  the  DB  propellant  in  con- 
•  unction  with  irregular  fluctuations  in  the  particle  rate 

i.e.  the  number  of  points/div.  in  velocity  traces).  At  ex- 
•'tly  the  same  experimental  conditions,  higher  particle 
ites  and  more  regular  velocity  traces  were  found  with  the 
iP  propellant. 

To  quantify  velocity  results,  data  reduction  was  per¬ 
formed  by  the  minicomputer  and  the  data  acquisition  proce¬ 
dure  was  activated  by  a  triggering  pulse  derived  by  the  pho- 
''■liode  signal.  Once  the  velocity  data  relative  to  one  test 
'about  500  velocity  measurements)  have  been  acquired  into 
”w  outer  memory,  they  were  processed  to  obtain  the  mean  and 
• h“  r.m.s.  values.  It  should  be  remembered  that  we  were  in- 
••  rested  in  comparing  gas  phase  velocity  and  condensed  phase 

■  .rr.ing  rate  in  steady  state  situation. 
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The  condensed  phase  burning  rate  was  measured  by  stan¬ 
dard  techniques  but  also  by  the  optical  method  previously 
described. 

Fig.  4.9  shows  an  example  of  the  photodiode  voltage  out¬ 
put  (trace  1)  that  can  be  related  to  the  relative  displace¬ 
ment  of  the  burning  surface  of  the  solid  propellant  by  means 
of  the  calibration  curve  of  Fig.  4.5.  In  Fig.  4.9  the  ab¬ 
scissa  is  the  time  and  the  mean  burning  rate  can  be  easily 
deduced.  All  test  runs  were  performed  with  an  automatic  con¬ 
trol  system  able  to  keep  constant  the  pressure  in  the  strand 
burner  within  some  percent.  Trace  2  in  Fig.  4.9  is  the  out¬ 
put  of  the  pressure  transducer.  Fig.  4.9  refers  to  a  test  in 
which  the  rotating  shutter  was  not  used. 

Accurate  measurements  of  the  solid  propellant  burning 
rate  were  obtained  if  the  burning  surface  remains  flat  and 
horizontal.  To  verify  this  condition,  that  is  also  important 
in  LDV  measurer  nts,  the  strand  burner  was  equipped  with  a- 
nother  window  to  allow  high  speed  cinematography.  The  camera 
(Hitachi  16  HD)  is  switched  on  manually,  but  the  trigger 
pulse  coming  from  the  photodiode  activates  an  event-marker 
and  a  time  mark-generator  on  the  film. 

Fig.  4.10  shows  some  frames  from  one  film  at  100  fr/s. 

It  can  be  easily  observed  the  crossing  point  of  the  two  la¬ 
ser  beams  of  the  LDV  system  and  the  burning  surface  displa¬ 
cement. 

In  all  runs  the  mean  gas  phase  velocity  was  compared 
with  the  corresponding  condensed  phase  burning  rate  measured 
by  standard  fuse  wire  techniques  or  optical  methods.  Results 
agree  satisfactorily  on  the  basis  of  a  steady  state  mass  ba¬ 
lance  : 

(4.5.1)  U  =  l/pn  =  R  p  /p„ 

being  pc  arid  pg  the  condensed  phase  and  the  gas  phase  densi¬ 
ties,  and  R  the  condensed  phase  burning  rate.  Typical  results 
are  summarized  in  Table  4 . 2_,  in  which  mean  values  of  the 
measured  quantities  "R  and  U  are  reported.  For  comparison, 
values  of  "U  evaluated  from  the  measured  burning  rates  are  al¬ 
so  reported.  It  must  be  noted  that  in  all  runs  a  large  gas 
velocity  dispersion  (up  to  20%)  was  observed  around  the  mean 
value.  This  is  difficult  to  explain  on  the  basis  of  fluidy- 
namics  considerations ,  but  could  be  due  to  a  polydisperse 
particle  size  distribution  and  the  consequent  difficulty  for 
larger  particles  or  agglomerates  to  follow  accurately  the  gas 
flow.  Another  critical  parameter  in  the  use  of  the  above  e- 
quation  is  the  gas  temperature;  this  was  not  directly  measur¬ 
ed,  but  only  estimated  from  available  data  (Ref.  27) . 


So  far,  only  tests  in  a  steady  state  situation  at 
pressure  up  to  10  atm  were  performed,  but  data  collected 
suggest  the  possibility  of  reasonable  measurements  of 
gas  phase  velocity  also  in  unsteady  conditions.  This  is 
*  demonstrated  in  Figs.  4.11  and  4.12  in  which  the  velocity 
profile  near  the  burning  surface  is  well  resolved.  In  ab¬ 
scissa  there  is  time  which  is  proportional  to  the  surface 
displacement.  Mean  velocity  values  were  evaluated  over 
about  50  samples  and  a  time  window  of  .25  s.  The  error 
bar  is  defined  by  +  s ,  the  standard  deviation.  Because 
the  burning  rate  was  about  3  mm/s ,  the  1  s  time  interval 
corresponds  to  a  4  mm  displacement  over  the  burning  sur¬ 
face.  The  propellant  is  a  noncatalyzed  Double  Base  (DB) 
burning  at  a  pressure  of  4  and  7  ata.  It  is  clearly  ob¬ 
served  the  velocity  increase  near  the  burning  surface  up 
to  a  steady  state  situation. 


Sec.  4.6  -  CONCLUSIONS 

Data  collected  up  to  now  suggest  the  possibility  of 
LDV  measurements  in  the  gaseous  region  above  the  burning 
surface  of  a  solid  propellant.  So  far,  only  tests  in  a 
steady  state  situation  at  pressure  up  to  10  atm  were  per¬ 
formed,  but  experimental  work  is  in  further  progress. 

Some  aspects  of  LDV  results  arc  not  completely  under¬ 
stood  right  now.  The  velocity  measurements  seem  to  show 
more  complicated  profiles  than  expected.  In  fact,  compari¬ 
son  with  shadograph  movies  (4000  fr/s)  at  similar  test  con¬ 
ditions  suggests  a  quasi-monodimensional  laminar  gas  flow, 
unless  of  turbulence  time  scale  well  above  the  movie  speed. 
The  discrepancy  with  the  presumed  steady  state  laminar 
flame  conditions  is  likely  due  to  the  polydisperse  particle 
size  distribution  and  the  consequent  difficulty  for  larger 
particles  or  agglomerates  to  follow  accurately  the  gas  flow. 

To  overcome  these  difficulties,  special  propellants 
will  be  tested,  seeded  with  monodisperse  alumina  particle 
and  with  assigned  particle  concentration.  Moreover,  some 
modifications  of  the  strand  burner,  by  inserting  new  larger 
windows,  will  allow  a  better  optical  access  for  shadograph 
movies . 

To  improve  the  LDV  instrumentation,  the  optics  will 
be  implemented  by  an  higher  power  laser  and  a  rotable  beam 
splitter  unit  that  would  allow  to  measure  other  velocity 
components  beside  the  axial. 

The  possibility  of  reasonable  measurements  of  gas 
phase  velocity  and  burning  rate  by  laser  techniques  has 
been  clearly  demonstrated  in  steady-state  conditions.  LDV 
measurements  can  be  extended  also  to  unsteady  conditions 
and  this  is  a  very  important  result  because  the  LDV  is  the 
only  technique  capable  of  space  and  time  resolved  measure¬ 
ments  in  such  hostile  environmental. 
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div;  horiz,  scale:  0.5  s/div).  Lower  trace:  LDV 
analog  output  vs  time  (vert,  scale:  2.30  m/s/div). 

Fig.  4.9  -  Example  of  the  photodiode  voltage  output  of  Fig. 

4.4  (trace  1);  output  of  the  pressure  transducer 
(trace  2) . 

Fig. 4. 10  -  Six  frames  from  a  color  movie  at  100  fr/s. 

Fig. 4. 11  -  Velocity  profile  and  standard  deviation  near  the 
combustion  surface  of  a  DB  propellant  burning  at 
4  atm  of  pressure.  DB  noncatalyzed. 

Fig. 4, 12  -  Velocity  profile  and  standard  deviation  near  the 
combustion  surface  of  a  DB  propellant  burning  at 
7  atm  of  pressure.  DB  noncatalyzed. 
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TABLE  4.1 


Typical  optical  features  of  the  LEV  experimental  set-up  used  in  this  work 


Laser  wavelength^  X 
Cross-angle,  j? 

Fringe  spacing  =  X/(2  sin(Jt?/2)) 
Probe  volume  dimensions 
Fringe  number  (effective) 
Collecting  solid  angle,  -&• 

Dead  zone  thickness  (h  =  r  tqQ) 


632.8  nm 

4.70° 

7.7  jtAin 

3  x  0.15  x  0.15 
20 

4°  -  6° 


0.25  mm  (r  =  3mm) 
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CHAPTER  5  -  CONCLUSIONS  AND  FUTURE  WORK 


Sec.  5.1  -  CONCLUSIONS 

A  nonlinear  stability  analysis  of  solid  propellant  burn¬ 
ing  was  carried  out,  within  the  framework,  of  a  thermal  theory 
and  for  quasi-steady  gas  phase,  allowing  for  finite  size  di¬ 
sturbances.  This  required  an  integral  method  in  reducing  the 
partial  differential  equation  for  the  condensed  phase  heat 
transfer  to  an  approximate  ordinary  differential  equation.  It 
is  shown  that  a  nonlinear  algebraic  function,  called  restoring 
function,  can  be  defined  that  contains  all  basic  properties  of 
equilibrium  and  stability  of  burning  solid  propellants.  This 
function  does  not  depend  on  time,  but  only  on  the  nature  of 
the  solid  propellant  (including  its  flame)  and  the  operating 
conditions  (pressure,  ambient  temperature,  and  energy  exchange 
with  surrounding) .  Analysis  of  the  nonlinear  algebraic  restor¬ 
ing  function  reveals  that  two  well  defined  burning  regimes  ex¬ 
ist,  each  limited  by  stability  boundaries:  the  static  and  the 
dynamic  regimes.  Of  these  two,  the  region  of  dynamic  burning 
is  wider,  in  that  under  dynamic  conditions  propellant  may 
pass  through  a  region  which  is  statically  forbidden  but  dyna¬ 
mically  stable. 

The  static  regime  can  be  observed  experimentally  and 
therefore  can  be  studied  also  in  the  framework  of  Zeldovich 
approach.  The  statically  stable  steady  solution  is  either 
stationary  or  self-sustained  oscillating.  The  static  burning 
boundary  is  defined  as  that  ultimate  burning  condition,  at 
constant  pressure  and  for  a  given  set  of  operating  conditions, 
below  which  steady  solutions  are  no  longer  found.  Pressure  de¬ 
flagration  limit  is  defined  as  that  minimum  pressure,  for  a 
given  set  of  operating  conditions,  below  which  steady  solu¬ 
tions  are  no  longer  statically  stable.  Methods  are  suggested 
as  to  the  prediction  of  both  static  boundaries. 

The  dynamic  regime  cannot  be  observed  experimentally  in  a 
stationary  mode  and  can  only  be  studied  in  the  framework  of  a 
flame  model.  In  general,  a  lower  (burning  rate  below  the  stea¬ 
dy  value)  dynamic  stability  boundary  is  always  found,  except 
for  large  enough  ambient  temperature  and/or  (external)  radiant 
flux.  Moreover,  for  each  propellant  an  appropriate  combination 
of  pressure  and  surface  heat  release  exists  for  which  lower 
and  upper  (burning  rate  above  the  steady  value)  dynamic  stabi¬ 
lity  boundaries  are  found.  The  lower  dynamic  stability  bounda¬ 
ry  is  defined  as  that  ultimate  burning  condition  beyond  which 
extinction  necessarily  follows  during  a  burning  transient .The 
upper  dynamic  stability  boundary  implies  vigorous  accelera¬ 
tions  of  the  combustion  wave,  possibly  followed  by  dynamic  ex¬ 
tinction. 

It  is  shown  that  the  lower  dynamic  stability  boundary 
holds  true  both  for  deradiation  and/or  depressurization,  for 
opaque  as  well  as  transparent  condensed  phase,  for  fast  dece¬ 
leration  of  the  combustion  wave  (e.g.,  by  depressurization) 
as  well  as  for  fast  acceleration  (e.g.,  by  pressurization)  if 
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an  excessively  large  burning  rate  overshoot  is  attained.  The 
lower  dynamic  stability  boundary  was  determined  as  an  asymp¬ 
totic  (in  time)  boundary  for  arbitrary  but  levelling  off  ex¬ 
ternal  controlling  parameters  and  instantaneous  boundary  for 
monotonically  decreasing  external  controlling  parameters.  If 
no  change  in  time  of  the  external  controlling  parameters  oc¬ 
curs,  the  propellant  is  only  subjected  to  random  intrinsic 
disturbances  and  the  static  stability  analysis  apply.  If  the 
effect  of  the  time  change  of  the  external  controlling  para¬ 
meters  (nonautonomous  function)  is  negligible  compared  to 
the  restoring  function,  the  lower  dynamic  stability  boundary 
collapses  to  the  range  of  influence  of  the  statically  stable 
equilibrium  configuration  and  therefore  holds  true  for.  any 
time  (even  finite)  and  for  any  external  law  (even  non  mono¬ 
tonic  or  levelling  off) . 

MTS,  KTSS  nonlinear,  KTSS  linearized,  KZ,  and  LC  unstea¬ 
dy  flame  models  were  implemented  in  this  study.  While  KTSS 
linearized,  KZ,  or  LC  are  of  no  value  for  burning  rate  less 
than  about  90%  of  the  steady  state  value,  very  reasonable 
and  similar  results  are  displayed  by  MTS  and  KTSS  nonlinear. 
However,  MTS  flame  model  is  considered  superior  since  it 
accounts  also  for  chemical  kinetics  (but  it  requires  two  con¬ 
stants  to  be  evaluated) . 

The  order  of  the  polynomial  chosen  to  approximate  the  di¬ 
sturbance  thermal  profile  in  the  condensed  phase  does  not  af¬ 
fect  qualitatively  the  shape  of  the  restoring  function.  A  cu¬ 
bic  law  was  found  to  give  accurate  predictions  for  pressures 
up  to  about  30  atm;  a  quadratic  law  may  be  more  appropriate 
for  larger  pressures.  This  point  is  under  investigation. 

The  validity  of  this  nonlinear  stability  theory  was  veri¬ 
fied  by  computer  simulated  transients.  In  general,  excellent  a- 
greement  was  found  between  the  analytical  predictions  and  the 
numerical  results  obtained  by  integration  of  the  governing  par¬ 
tial  differential  equation.  Numerical  values  are  given  only  for 
a  particular,  ammonium  perchlorate  based,  composite  propellant. 
It  is  felt,  however,  that  all  analyses  were  conducted  from  a 
broad  point  of  view  and,  therefore,  the  conceptual  findings  may 
be  extended  to  other  types  of  solid  propellants,  provided  a  pro¬ 
per  flame  model  is  employed.  The  point  we  wish  to  make  is  that 
the  numerical  integration  of  the  basic  set  of  equations  in  terms 
of  the  PDE  suggests  the  existence  of  a  no-return  point  for  fa&t 
transients  and  defines  its  value  by  a  trial  and  error  procedure. 
The  values  obtained  in  several  different  configurations  are  in 
excellent  agreement  with  the  predictions  made  from  an  analysis 
of  the  approximate  ODE  describing  the  system.  This  also  con¬ 
firms  that  the  static  stability  boundary,  as  determined  for  ex¬ 
ample  in  the  Zeldovich  approach,  has  no  relevance  in  dynamic 
disturbances  of  finite  size. 
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The  above  result  of  detecting  recovery  points  down  to  ©s^0.6 
is  important  only  to  the  extent  to  which  it  illustrates  the  val¬ 
idity  of  the  analytical  developments  of  this  report.  Indeed,  it 
is  very  questionable  whether  chemical  processes  are  still  active 
at  such  low  surface  temperature.  Moreover,  heat  loss  mechanisms 
are  very  likely  not  negligible  in  that  surface  temperature  ran¬ 
ge.  All  this  implies  that  more  sophisticated  flame  models  have 
to  be  considered,  if  one  wishes  accurate  results  in  the  marginal 
domains  of  burning.  Incidentally,  it  was  observed  that  changes 
in  the  decay  rate  are  most  effective  in  affecting  the  overall 
fate  of  the  dynamic  history  if  realized  in  the  early  portion 
of  the  transition. 

It  is  felt  that  conclusive  evidence  was  offered  for:  (1) 
the  existence  of  several  static  burning  regimes  (stationary 
burning,  damped  oscillatory  burning,  self-sustained  oscilla¬ 
tory  burning,  extinction) ;  (2)  the  capability  of  the  proposed 
theory  to  predict  pressure  deflagration  limit  even  for  adiaba¬ 
tic  combustion  waves.  In  conclusion,  the  nonlinear  static  re¬ 
storing  function  cantains  all  basic  properties  of  equilibrium 
and  asymptotic  (both  static  and  dynamic)  stability  of  burning 
solid  propellants,  even  for  finite  size  disturbances , provided 
that  the  external  forcing  terms  are  monotonic  or  level  off  in  time. 

Experimental  work  is  in  progress.  Three  different  solid 
propellants  are  being  characterized:  an  ammonium  perchlorate 
based  composite,  a  catalyzed  double  -  base,  and  a  noncatalyz- 
ed  double  -  base.  Steady  state  burning  rates  are  measured  in 
a  strand  burner;  thermal  profiles  in  the  condensed  phase  and 
radiative  emissions  are  detected;  pictures  and  high  speed  mo¬ 
vies  are  taken.  Depressurization  and  pressurization  tests  are 
conducted  respectively  in  a  specifically  designed  strand  bur¬ 
ner  and  piston  tube.  Laser  doppler  anemometry  is  applied  to 
burning  propellants  to  measure  the  gas  velocity  in  the  plume 
of  the  sample.  Experimental  results  so  far  obtained  qualitati¬ 
vely  agree  with  the  theoretical  predictions. 
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Sec.  5.2  -  FUTURE  WORK 

•  The  delicate  assumption  of  a  polynomial  space  dependence 
of  the  disturbance  thermal  profile  has  to  be  further  investi¬ 
gated.  Other  quasi-steady  models  shall  be  tested  and  compared; 
but  the  quasi-steady  gas  phase  assumption  has  to  be  properly 
qualified.  The  Zeldovich  approach  shall  be  examined  and  in¬ 
cluded  in  the  proposed  nonlinear  combustion  stability  theory. 
Variable  thermal  properties  in  the  condensed  phase  shall  be 
accounted  for.  Considering  the  importance  of  the  condensed 
phase  heat  release,  the  assumptions  of  concentrated  chemical 
reactions  at  the  burning  surface  shall  be  dropped.  Exact  pre¬ 
dictions  of  the  oscillating  burning  period  have  yet  to  be 
proposed.  Extension  of  the  proposed  theory  to  the  ignition  pro¬ 
blem  will  be  continued.  Extension  of  both,  stability  theory 
and  computer  simulated  tests,  to  high  pressure  range  (above 
60  atm)  and  low  pressure  range  (below  1  atm)  will  be  done. 

Very  likely,  the  subatmospheric  pressure  range  will  require 
a  careful  choice  of  the  flame  model,  including  its  steady 
state  aspects. 

Experimentally,  further  data  on  combustion  vs  extinction 
will  be  furnished  both  from  depressurization  strand  burner 
and  piston  tube.  This  should  allow  a  quantitative  comparison 
between  predicted  and  experimentally  observed  dynamic  stabili¬ 
ty  boundaries.  Further  data  are  also  expected  from  the  laser 
doppler  velocimetry  apparatus.  The  behavior  of  the  steady  de¬ 
flagration  wave  at  low  pressure  is  of  particular  interest; 
more  sophisticated  diagnostic  techniques  are  planned. 


